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■•PREFACE 


The  uANfp'  Curppratioii  is  q  private,  nonprofit  organization  whose  prfncipal 
activity"  is,  scientific  study  add  research  on  problems  of  national  security. 
Working  for  the  United  States* Air.  f  orce,  rand  has  played., a  leading  role 


irf  developing  an.,  approach  titled  ‘'systems  analysis,"  designed  to  help 
answep  complex  questions  ofclipicc  in  the,  face  of  uncertainty.,  such  as  occur 
in  problems  of  nation  >1  defense.  This  approach,  rooted  in  the  operations 
analysis  techniques  developed  during  World  Wari  il,  is  now  applied  to 
problems  of  ' development,  disarmament,  and  dttpiircncc,  as  well  as  to 
military  operations  proper.  Yet  /its  methodology  is  by  no  means  fully 
developed, ||  nor  are  its  successes  and  failuof;  vet  completely  understood. 

During  1955,  and  again  in  1959,  KANp;U|ffered  an  intensive  five-day 
course  entitled  “An  Appreciation  of  "Analysis  for  Military  [.Decisions”  to 
military  officers  and  civilians  associated  with  the  firmed  forces.  Designed 
primarily  for  decisionmakers  and  not  for  analysts,  this  course  did  not 
attempt  to  teach  operations  research  but  Id1  point  out  the  weaknesses  and 
possible  abuses,  as  well  as  the  effectiveness, ,  of  an  analytic  ipnproach  to 
long-range  military  planning.  It  was  based  on  the  premise  t  hat  /a  decision¬ 
maker  can  appreciate  analysis  and  use  its  results  with  conlidei|!ce  without 
knowing  how  io  perform  it. 

This  book' contains  the  lectures  (some  extensive  qvised)  that  were 
given  in  the  course,  plus  some  supplementary  material,  1 1 •  is  not  a  reference 
work  on  systems  analysis;  neither  is  it  a  Irc^lthjbnl  of  how  to  carry  out 
analyses  for  military  decisions.  It  is  little  more  Ilian  an  attempt  at  a  critical 
evaluation.  The  concepts  and  methodology  discussed,  however,  should  tkj 
f useful  "to  those  concerned  with  the  military  aspects  of  national 'Security  and 
shopld  be  adaptable  In  planning  'and  analysis  in -many  nonmilitvi-.y  'fields 
as  well.  -  -  ■'  i  i  fhjti  ' 
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A  ('  K  NOW!.  HI >;G  M  li NiT S;: 


K  "  ‘  !t  •  •  :  t  /f 

/V  work  of  this  type  rcll^cis  l he  efforts  (|f  many  people  not  pained  in.  .the 
table  of  contents.  These  are  people  who  have,,  worked  on  aptua.l  system's 
analyses,  add  then  consciously  thought  about  the  methodology,' developing 
the  concepts  and 'techniques  and  learning  through  experience.  "  ‘ 

This  authors  are  indebted  Id  various  ranis  staff  members  and  consultants 
who  criticized  the’ original  lectures  /jand  the  present  collection.  Special 
recognition  should'  he  given  to  iff  i \jl:.  t  ort,  Herman  Kahn,  If.  LI.  Klein, 
C.  I  .  I.imlbiom.  Irwin  Mam),  A.  V^.  Marshall,  I..  J>.  Savage,  and  .1.  Iff 
Wilharfts.  Manv  of  their  ideas  and  •fonictimcs  even  thtir  slaleaienls  from 
various  nnpifblislied  paper:'.'  off  dial  c|mi  mu  mentions  appeal  in  the  lectures 


vvithod!  a".  nil  •  " 

'•  Kiihi  . 

•  •  biLthlrt 

in  pal 

i  niii.it 

iVonr  comment 

by 

I  .1  i  ic'i'v,  iVinm 

,  i  ■■■ 

iii' 

I  1 

I I  .Mi'  111  i 

■  1  'lll'ilisl  Vi 

rb:il  im 

il  ill  III  i  .  N  1'  '  M  i 

« 

*'  »  .  ‘  // 

i 

1  U  I. 

•  n:d  foie; 

,|.el  .hi 

i| 

v  t 

"ill  '.ill 

,  ,  ,  ,  , 

'  '! 

,  .  ill 

i 

.  a  ' :  , 

H  I* 

t lllll,  ,'ltltlal  .  II  l 

■  • 1  111  1 

"  ’•  •"•«(  *•  1 

.  •  i  1  1  1  . 

in- 

•....it,  •  i  111  '•  •  *>\  i  HIP 

■  !> 

.  * :  i  t  * 

* ' 1  T.i*  if 

1 

'  ‘ 1  •lilt  • 

i 

!'V  •  ■  T 

..  .. 

. 

i 

iff-  ,i.: 

:,ti, . 

lie!  mV.i" .  at  th 

I  Nil 

-ft  i"i 

"V  •’ 

il 

\ 

1. 

.  •  i  .  . 

■  ;  .  | 

i-.  dm"  ijit .  l 

,  .1 

1  II  ^ 

•  ; 

i ! .  .i 

•  hi 

III’ 

■1  11 

>*;  . 

\ 

\ 

(i 

!t 


of' 

■4**  ,J" 


■I  >  •  »  - 
f » \- 

j  'V. 


\v  W 
b\i 

■  -<i 
;! 

K. 


A 


\v. 


>  It . : 
-8% 


'  n'lii 

tg. 


'■■■'j 


,.f  / 

1: 

l;y ■ 

I  l 

/'/ 

/4  "  . 

n" ... 


/■ 

»/ 


:/•? 


■ »  /  ,  '/ 


O  .  v  j.-,  s  4.  ;N  I  AT  i  ON  " 

Vi  „ 

^ !  •  •• 


ill!  f 

hi; 


I 


As  the  t  oire,  i  solution  of  «/»v  1  f  ;»( iidtun  depends  primarily  Jijn  a  true  under - 
standing  of  what  lit.-  nr.ddctti  i\i(  j. wherein  lies  its  4 faculty,  we  may 
profitably  pause  upon  the  thresh}  f  ;  '  our  subject  to  consular  first,  it}  a  more 
general  way,  it.\  teal  nature:  .dliii  h  impede  soiifid  practice;  the 

conditions  on  which  success  >.>r  &f?/X\  ■'itgfutnds:  the  directicds  in  which  error 
is  most  to  be  feat  cd  I  hn\  .* \/mj;  V  .•■s.fC^u'U  annul  tlhitj  /great  ferctjijisitc 
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'.)'fcw  methods  ol  analysis  were  required.  "These  -wore' developed'  during  World 
,'yViir  U  and  „ fon nod  the  bcgitufjiigs  of  a' body  of  knowledge  called  at  that 
jjime  opcratijOn^  analysis-  and  ||atcr,,  in  its  various  extensions,  operations 
fceseareli.  svsfc'iiis.  engineering,  management  science.  eosl-eflectiveness.  analysis, 
ijjnd  systems  analysis.  The  suc'ce.ss  of  the  smaji-scalc  but  organized  clloits  In' 
Itngiand  provided  Hie.,  real  "..impel us  to  the  growth  o(  activity  o!  this  ty  pe  and, 
iftiturallv  enough,  the  use  of  scientists*  to  j;ie!p  solve  problems-  that  might 
ci'rdifuirily  he  thought  of  as  lying  outside  their  proper  domain. 

In  its  extensions,  operations  analysis  is  by  .no  minus  limited  exclusively 
fo  military  question:;,  'the  names  given  the  vai iotis  extensions  ■•edecl  to  some 
extent  the  purpose  o‘|  'the  analysis,  ami  the  context  in  which  it  appears,  but 
there  is  little  consistent  use.  Operations  research  is  the  best  known.  It  is  used, 
both  narrowly  ft o  ivlc.r  jo  nn;dyM-*v>  lo  .increase*  i he  v'nCiCivsy  ol  organ v/.Ai  man- 
machine  systems  and  |j)ro;ully  to  cncompa;  ■-*  ainK’.sl  all  quantitative  analysis. 
In  particular,  it  is  ir^qjjiently.  applied  to  studies  conccining  national  or  institu  ¬ 
tional  planning  and  ,^sV|lii:y  where  If  "  idea  ol  increasing  cflicieiicy  is  almost 
pnea,oi;(iglcss.  It  is  even  used  this  wavy  in  the  following  chapters,  in  such  a  use, 
it  iv  identical  (oi  should  l|e!)  with  the  body  of  kfiowledge  and  technique  that 
we  ;£|e  i  allini'  -iv.ienis  analysis'.  I  here  is  less  ;|:oii fusion  among  the  other 
liMi-ii-'gPns.  I  Mil  evin'liiir  lew  dfihev  names  have 'a  single,  established  referent. 

, ,  i ; ■■  .  IX  |tii  i’ll,  m line  and  design 4>f  new  industrial  nr  military 
•,v  •  inn  m  l„  im  p.-rbnm  i-aiu;  ■  'ni.ilions  or  ^Implement  operations  nc.ver 
l .. -I ,  o  r'x  s .  j,.ijn,  ,1.  i  be  1 1  in  re.  s'.-e  i.etrarch",  ".{yst-ems  ,  design",  ol  “systems 
i-niMUi  ei  inm  ug  ! i ■  (|ii.  i*i  I \  n*i.  ,i  ,|n-  fallaek  'on  j'.prohloriis  dealing  with  (lie 
i'Uii  u  ni  yi i . h i >o e i m - 1 vi  .m<i  \,".iio:  .  existing  Sy.-xtijnis  is  called  management 

■„  i(  n, ■’’{r'thd  ri . i ) <i i., i. illm 'on  a, ling,  the  •di.iiejences  in  costs  or  resource 

i ri *i ii i i,a i h  i 1 1 v  .nuOy a  1 1 1 *  iv. ul. il'k  “  aei natives  fur  carrying  out  sonic  specified 
last, .  th,-  ,i.ri, 1 1 vms  iii.iV  I  r.,|<  iei  o  d-  i-.as  a  cosl-iilleeliveiidss  analysis'’.  “Opera- 
lion-,  jl i •  •  .<*.'! i f :  is  also  nsf  .f  nos!  inlcreliaiiir  ■  ,bly  "with  “management 
j  .  |,|ii  ii.ou-  |rti;.,*.-i a. ,  i.,,A  .ipjilied  to  those  studies  in  business  "'apd 
j  |, ul. im-  .iili(iui|;-.ii  aiii  >i* •  •  ii:rf  viiipa  /,  methodology  more  [hvin  application.  ? 


llnh  .il.  who  deplore  t'jie  use  of  nouns  'as 

.:  .  ’■  >\ 

■  military  pi oblerns  iTcInUj.d  to  their  .field 
-anquily.  -I. 

,  ..ii  tin-  li  - 1  iii  ,1  systems  pnafy.sis  appears  m 
i  ii  irij,  meanings  than  it  "does  hq|ie .  l.-or  oioirppie, 
•ii-.  engineering  (she  A."T>.  Hall,  A  Meth/nloloxv 
•  ,(i and  ( Vs.,  Inc.,  I’rmceton.  N.  I.,  I'th'i’.  P  *f). 
omnieicild  world  is  in  reference  th  the  analysis 

1-  ..  ..  j  .;  .  . 
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When  used  in  a'  military  context,  the  label  “systems  analysis”  is  applied  very 
broadly  to  any  systematic  approach  to  the  Comparison  of*  alternatives.  Thus, 
although'  tbc  character  of  an  analysis  addressed  to  such  a  problem  as  improving 
the , .operational  characteristics  of  a  radar  network  may  be  inherently  different 
froth  one  addressed  to  the  problem  of  increasing,  the  stability  of  the  tlienuo- 
iiudcar'  balance,  both  would  be  identified  as  instances  of  systems  analysis. 
Although  the  term  operations  research  or  its  military  equivalent,  present-day 
operations  analysis,  might  reasonably  be  applied  to  the  effort  to  ;j  increase 
efficiency  in  the  radar  network,  a  ,nte'V  name  is  needed  for  the  type  of,  study 
that  might  be  usefully  applied  to  the  higher  level  problem..  Incitjemally,  it 

.  ’  t  j]  II  - . 

was’  not  the  systematic  character  of  these,  studies  hut  rating-  the  finaturc  of 
the  .Subjects  hei'njj;)1, investigated  that  originally  suggested  the  iiamc;:  The  first 
postwar  military  studies  were  primarily  concerned  with  wcapou  .systems,,' 
Evaluations  difidcitaken  to  enable  decisionmakers  to  choose  among  systems/ 
to  discover  whether  a  given  system  would 'accomplish  its  objectives,  or  to  set¬ 
up  a  framework  within  which'  tests  of  ajj  system  cpuld  be'  prepared  can|p 
naturally  to  be  iCaiied'  •''sysk-ios  analysis”. 

In  light  of  itslj origins  and  .its  present  uses,  systems  analysis  might  be  defijicd 
as  inquiry  to  aid,  a  dccisionflfiaker  choose  a  ccki.isc  of  action  by  systematically 
investigating  his  proper  objectives,  comparing  quantitatively  -c  possible  the 
costs,  effectiveness,  and  risks  ^associated  with  the  alternative  |  '  s  sn.iteguis 
for  achieving  them,  and  jorfnuhtting  additional  altcnialiv'es  if  those  examined 
arc  foiled  wanting.  Systems  analysis  represents  an,  approach  to,  or  way  of 
looking  "  at,  complex  problems  of  choice  uhiler  uncertainty,  such  as  thosjb 
associated  with  ■  national  security.  In  such  problems,  objectives  are  usually, 
multiple,  arid  possibly  conflicting,  and  analysis  designed  to  assist  the  decision¬ 
maker  must  necessarily  involve  a  large  element  of  judgment. 

The  concept  of  a  systems  analysis- is  by,,  no  means  exclusively  military,  hqt; 
one  that  &  used  efktcnsiveljl  by  managers  and  engineer!*  .of  large  industrial’ 
"  enterprises,  suo.h  as  telephojjie  companies  anil  producers'  anfi  distribtitors," of 
electric  powef.  <  It  offers  a  fecans  of  discovering  how  to  dejign  "dr  JLo  ftfeldi" 
elfectivd;  "use  Over  time  of  4  technologically11  complex  fstruclilre  in  which  the 
different;,  components  may  fiavc  apparently  conflicting  objectives;  tha|  is,  an 
approach  to  choosing  a  strategy  that  yields  the  best  balance  among  risks'!  cffcc- 
tiverfess,, and. costs.  Its  purpjfee  is  jto  .  place  each  element  irj  i|s ' proper  ,,jon text 
.  so  thiit  in  thqjp.nd  the  system  as  a  whole  may  achieve  its  aims  with,  a  nli.oinjjal 
expenditure  Of  re|ources.  -  p  ,j|  /  • 

.1  In  tiyn  respcjrtsffthc  normal  business  systems  analysis  is  conceptually  s|pplcr. . 
For  one  thing,  jji if  Smell  analysis  "there  is  usually  a  single  over  all  objcctiv^L-tlie 
maximization  df  profits — which  cpn  be  measured  and  expressed  in  thoijsanic 

■'  '  ■■  ■  .  I  .  ■  \  1 


in  i  Ronocn  ion 


terms  its  the  costs.  For  another,  conflict  plays  only1  a  minOri  role.  As  Albert 
Wohlsletter  has  -pointed  out,  ..  ..  t' 

i^oniebody  in  the  Belt  telephone  System  has  to  worry  about  slugs  or  plugged 
nickels  in  their  Coin  boxes,  buj,  in  general  Bell  docs  not  have'ito  worry  about  ] 
anybody  jamming  their  InicroA'ftve  relaV  as  an  interruption  ©f  their  normal  i 
peacetime  business”.  ■  ",  n  \  '  }j 

"  Ipi’ay!,  analytic  studies,  condiictcd  by  unililhry  agencies!  industrial  con- is 
tractors,  or  organizations,  such  as  (tANir,  wljieh  'v/ere  explicitly  founded  to  do! 
such  work,  have  conic  ..to  exert  a  considerable  influence  on  many  military  deci-  '! 
siofls,  particularly  those  dealing  with  new  weapons  and  weapon  systems  for  the  . 

1  -  Air  Force.  In  tact, ; t^c  character  of  nation^  ’Security  problems  has1  changed 
so  much  irt  the  last  -jtwo  decades  that  the  military  decisionmaker-,  whatever  " 
hts  branch,  has  almost  no  choice  but  to  supplement  his  judgment  "and  ex¬ 
perience  with  the  results  obtained  through  systems  analysis.  |To  clarify  the 
iiieaiiii'tg  ,ol  systems  Analysis,  ft  might  he  especially  useful!  |to  nove  from  the 
generality  Of  the  definition  given  above  to  what  that  definition  implies  and 
•assumes.  This  can  perhaps  ubest  he  accomplished  by  //ontiasting  systems 
analysis  with  purely  scientific  studies;-  with  operations  jjanaiysis,,  afid  with 
operations  Research,  narrowly  defined.  ”  |  '! 

"  »  If  scicncerift  its  purest  lorm  “provides  power  alone,  but  noti  direction”. fas' 

iCoolidge  oneiif  remarked  in'  reflecting  on  the  lessons  of  \i(/ofld  Waf  1),  it  is  “ 
not  difficdlt  to  see  that  the  control  or  -manipulation  of  this  power  is  at  best 
a  quasi  scientific  aflair — even  if  scientists  themselves  are!  involved.  The  authors 
of  aii  early  systems  analysis,  flic  Report  on. the  International^ Control  of  Atomic 
Energy#,  put  their  task  this  \Huty:  “We  are  not  dealing •simfily  with  a  |j|ji)itary 
ot  scientific  problem  but  with  a  problem  in  statecraft  and  the  ways^bf  the 
human  spirit”-  an  observation  ihat,  then  and  now,  could  -serve  adequately  to 
separate  systems  analysis  from  science  per  sc.  Rather  thuja  merely  to  under- 
stand  and  predict,  the  aim  is  also  to  suggest  policy,  or,  atiheiVery  least,  offer  f 
advice;  Hence,  systems  analysis  is  at^once  compelled  to  “do  philosophy”,  to | 
consider  some  immediate,  diverse,  anil  complex  questions  of  practical  values.1] 
The  use  <$f  analysis  to  help  with  decisions  of  one  kind  of  another  in,;!" 

..  business,  defense,  on  government  has  long  been  widespread.  Bui  even  assuming  jj 
tjiat  this  “scientific’  help  is  not  considered,  complete.,  unless  it  embraces  some  ;! 
recommendations  concerning  policy,  ft  ;>till  would  not  qualify  as  sy, sterns  ;j 
analysis.  For  much  of  it  for  example]  that  which  appears  under  the  names 

.  “  •I  7ft'"  B  ■  ...  ::  ■■■  jj 

5  ’Strategy  and  the  Natural  Scientists”,  in  Robert  Gilpin  and  Christopher  " 
Weigh;;  (eds.).  Scientists  and  Natiunul  Policy  Making,. Columbia  University ;  l’rcss, 
New  York,  1963.  ..  ..  •  '  •  , 

8  Prepared  for  the  Secretary  of  State’s  Committee  on  Atomic  Energy  by  a 
Board  of  Consultants:  Chester  1.  Barnard,,,.!.  R.  Oppcnheimer;  Charles  A.  Thofna.s, 
Harry  A.  Winne,  and  Ddvid  K.  Lilienihal,  Chairman.  Department  of  State  Publication 
No,  2498,  U.S.  Government  Printing-Office,  Washington,  D.C.,  March.  16,  1946. 
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ill'  statistical  decision  (\\ieor\  mjctluxis  engineering. '.or  c|iinlity  control  has 
its  iD.ili'fy'1  only  in  very  nan  >wx  contexts,  In  broader  problems  of  national 
sc'c.i.inty1’  or  military  planning  (anti  “statecraft  and  the  wijys  ol  the  human 
spirit'  ),  a- very  dilferent  approach  is  required,  and  scientists  themselves  prove 
more  nsellil  than  the  mefhodl  with  which  they  are  traditionally  associated. 

.  j  _  •  •  •  li  • 

SVstcijp  analvsis  Iwin  i\.  grciitcr  complex liy  arul  ,,scopc>rtii*.in  tlic  operations 
analysis'1  techniques  of  World  War  II,  despite  their  ..common  military  appliea- 
in  World  War  H.  analysts  were  concerned  with  IhC'  dav-to-duy  activities 
lit  a  piilitarv  organization  not  vvilh  linding  ways  to  eliminate  war,  or  make- 
il  ilnlikel  v,  oiy  drier  it .  or  if  theke  measures  I  ailed,  make  ,  it  possible  to 
survive  what  could  he  a  catastrophe  without  p,r.eeee|enl.  I'-oil  example,  an 
impoitanl  problem  lor  pie  earlier  analysts  was.  to  cjiseoVer  an  optimum- search 
pattern  with  which  our  destroyers  might  locate  en^myv- s'ubmaririos  threatening 
our  convoys.  Today  s  systems  analyst  must  consider  not  only1  the  threat  by 
enemy  submarines  unshipping,  but  to  the  shore  asjjwell.do  meijjt  both  threats, 
lie  .m list  eviVInale'  the  Utility  of  entirely  new  edmbinatjjions  offi  detection  and 
•interception  devices,  soiiict  not  ye|  built  or  even  developed, |  together  with 
a,pii|io|iriat'e  tactics  lor  using  them.  He  must  not  only  considorjj'|he  possibility 
that  the  destroyer  might  have  only  an,  anlisubinarine'..  role  ,|n  pother  world 
war.  Wmt  he  must  also ' analyze-  the.,  many  problems  that  ..the '-existence  of 

:'l  ■  ’  '  ,  •  . 

submarines  vvhielv  threaten  the  land  as  ..well  as  -the  sea  brings  to  |he  question 
of  the  preservation  pf  peace.  J 

"  "  ■  jl 

Where;, is  the  operations  analysts  of  I ‘TIP  |‘)4.S  were  concerned  mainly  with 
"laelical"  problems  that  in’folved  the  immediate  future  Use  of  equipment  in 
'operation or  about  lo  „bc  put  into  operation,  those  analysis  or,  professional  , 
people  of  one  kind •  or  -anot her. .wh» » •  Assist  the  military  jpday'  are,  to  a  great  • 
extent,  called  upon  lo  deal  with  the  extremely  sensitive  problem  of  the  design 
amt  development  of  weapon  systems  that  may  become  .obsolete  in  less  time 
than  il  takes  to  develop  them.  Decision#  made  about  ssft:h  weapons  may  not 
ali'ccl  the  capability  of  the  armed  forces  for  live. •  lo  ten  years  yr  moi'e. 
Moreover,  I  he-  uncertainty  of  thc..fu(un|  means  Ihat  m;uj;y  factors  which  can 
he  taken  as  “gjiveii”  in  a  study  of  cu.'|-ent"  operations  Income  “parameters" 
in  a  study  of  ('he  future.  Hcnde,  l here.1  is  a  vast  increase  ip  the  dumber  of 
questions  to  he  investigated  and  explicitly  treated'!  This  vapplies  nVjjt.  only  ,  lo 
such  mailers  as  enemy  reaction,  teelim  logical  progress,  mid <1  he  political  and 
reonomi.C-  environment,  lull  also  (o  the  tpiasi -scieiitiiie,  semi  philosophical 
selection  ol  civet  all  objectives  and  .mfes  ..for  choosing  between  :  Hives 

reelmulogical  vonsideraiioiis.  in  panicuUii  die  lapiil  rate  oi  chan:  m  .eaiions 
and  their'  almost  exponential  increase  in  conjplexilyP.ue  iiowfl  I nlly  as  mippilmil 
as  the  traditional  pblilical,  economic. .  yiuT military  factors'!  Neodlgss  say. 
these  considerations,  especially  when  weighed  ip  light  of '  fjjto  eX'ikt&n& ■,p|;.,an  a 
enemy  ^.  hose  actions  lire  kept  secret,  make  extremely  hazardous  qny  ; 
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t ion  of  I  he  environment  in  which  the-  Weapons  or  jjlralfcgies  arc  to  he  use* t . 
anil  ol  the  (, 'licet  of  their  introduction on  "that  en viroin:;ienv.  In  . the  area  of 
long-range  military  planning  characteristic  W  Systems  analysis,  it  is-i  necessary 
to  replace  the  piecemeal  component"  optimizations  that  operations’  anal Vsti-s- 
niight  provide  by  a  t'Aiiiptchcnsi-vc  treatment  ii|  which  emphasis  is- placed  on 
fan  integrated,  simultaneous  examination  of-  every  major  relevant  problem. 

in  li  sense,  the  main:  d'lVerence.  between  sy  items  jj  analysis  an.d  "operations 
lesearch  may  well  lie  just  in  emphasis.  A  goo^l  deal  ojj'  the  earlier. work  tended 
to  emphasise  mathematical  models  am!  'optimization  Itechniques.  Honors  went 
to  practitioners  who  used  or  improved  maiheilnntio'lil  tee!  u  limit's  like  linear 
pjofijramming  or  queuing,  theory  and  found  new  applications  foi'  them.  These 
people  were,  usual lv  associated  with  decisiompakers  who  knew  what  their. 
objectives  were  and  bow  to  compute  their  costs,  largely  iijj.,  terms  of  some 
single,  clem  cut  criterion.  On  the  oilier  hand,  systems  analysis  while  il  (Joes" 
mak.efdi.se  of  much  of,  the  same  mathematics — is  associated  '.with  that  class 
ob  problems,,  where  IliC  dillicnlly  lies  in  deciding  what  ought  to  he  done  nbl 
Suiiplv  ! i o w y  i v'  . i u — and  minors  go  io  people , who  have  the  ability  or  good 
fortune  simply  to  find  out  what,  the  problem  is."  The .  total  -analysis  -is  'thus 
likely  to  be,  a  more  complex  and  less  neat  and  licjy  prueeduic,  one  seldom 
suitable  for  quantitative  optimization.  In  I'acty  the  pitoee^s  is  lb  a  lai'ge  If.xfciit 
synthesis:  The  environment  \v  ill  have  to  be  forecast"  the  alternatives  designed.,, 
and  the  operational  laws  invchled.  Thus,  will)  systems  analysis,  one  associates; 
"broad",  “long-range”,  "high  level”.  'Vhoipe-of -objectives’’''  problems,  and 
‘'choice  of  a  strategy”,  '  jndjh.nenf  j;  'qualitative”,  and  "Assistance  to  logical 
thinking”.  In  contrast,  with  Jopet$ili|m.s  resent'd)  one  Associates  "lowei  level”, 
''over-all  maximization”,  '’mensural ion”,  “quantitative”,  ‘"means  to  an  •end", 

/  •  It 

And  ‘  the  optimal  solution”.  s 

-  In  short,  the-  analysis  of  weapons' or  strategies  for  future  wars  presents  a 

M  I'  >  ..  -*■ 

ijiew  kind  of  problem,  essentially  different  ljrom  any  treated  by  operations 
Analysis  in  World  War  II.  or  even  in  .the*.  Korean  War.  The  ..conditions  of 
k'search  are  different.  There  is  usually  mnre|tinie;  there  are  huge  cohiputa- 
I'jjnnal  facilities;  there  is  a  great  deal  of  peace  tunc -data  available,  bin  Virtually 
rfpne  of  (lie  desired  operational  information.  «  he,,ch:^sic.fcr  ol  the  research 
is;'  different..  Different  sorts,  ol  questions  (includHig,  What  is  I  lit'  question??  are 
a‘|Ked;  huge  numbers  of  inleryijepen elciit.  facloiy,\\inust  he  consider'd "sinuilta- 
fnAmslv;  no  obvious  i  ules  exist  for  piefci  ring  om|  opei  at  ion  oyer  anoilier;  and 

i  i  '  "  ■}.  if  1  *”  ”  V;  ■'  ” 

questions  of.  value  am!  of  policy  constitute  an  tS^pntial  part  os  every  inquiry. 

ii'As  a  way  to  hrilig  these  uuplieatinns  of  our  formal  definition,  into  focus, 
let -us  examine  a  relatively  narrow  problem  in  which  a  systems  analysis 
approach  might  be  helpful-  -dial  of  advisihg  onjjihc  choi(|.‘ of-ii-ftcxt-gcneration 
air  defense  ,  missile  tjoip  aifunig  several  possibilities.  How  is  The  best  choice 
to  bu-  made?  Tnginecrjj  ordinarjly  think  of  the ..V*ci toon* nee  fjfj  military  air 
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vehicles  in  terms  of  such  qualities  as  range,  speed,  altitude,  rate  of"  climb, 
maneuverability,  and  accuracy.  An  excellent  vehicle  is  Sometimes  said  to  be 
one  in  which  the  values  of  several  of  these  performance  parameters  are  madf 
p  Its  high  .as  possible.  But  this  is  clearly  a  meaningless  statement,  since  these 
j  qualities  are  not  independent.  Consider,  for  example,  guidance  and  control. 

Without  taking  a  “system”  point  of  view,  it  might  seem  obvious  that  if  the  . 
accuracy  bf  ouf  missile  can  be  improved,  the  result  will  be  more  enemy 
missiles  or  planes  shot  down.  It  does  not  follow  at  all,  however,  that  the  most 
effective  over-all  defense  system  will  necessarily  be.  the  one  that  uses  the  most 
accurate  missiles,  or,  for  that  matter,  will  even  be  the  one  with  the  highest 
potential  for  killing  enemy  vehicles.:1  .Any  numerical  values  that  measur'd  the 
kill  "Capability  of  a  missile-defense  system  must  depend  on' at  least  four 
factoi...  first-,  s?he  number  of  missile  emplacements  within  range  of  which  ‘the 
invaders  must  fly;  sccopd,  the  number, of  missiles  that  can  he  launched  during 
flic  time  tjie  enemy  is  within  range;  third,  the  probability  that  a  given  missile 
1  wi',1  be  operative;  and  fourth,  the  probability  that  itin  operative'  missile  Mill 
kill''  its  target.  An/increase  in  the  accuracy,  of  the  missile  wniiid  probably 
increase  this  fourth  factor.  But  an  over-all  increase  of,  kills  would  occur  only 
if  the  .values  of  the  other  factors-  were  not  materially  lowered  by  whatever 
change  was  necessary  to  bring  about  the  increase  in  accuracy. 

"Thus,  if  additional  guidance  and  control  equipment  were  added  to  a 
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missile  to  improve  its  accuracy,  the  resulting  increase  in  weight  might 'reduce 
the  missile’s  range  or  speed.  This  in  turn' could  reduce  the  number  of  missiles 
fjhat  niight.be  launched  in  an  engagement.  Moreover,  the  greater  complexity. 
{Jrf  .  more  accunUc  guidance  equipment  might  lower  the  missile's  reliability. 
And  there  -  is  also  the  possibility'  that  the  higher  cost  of  missiles  which,  in¬ 
dividually,  are  more  accurate  miglA  actually  lead  to.  fewer  launching  5|ifes.  and 
fejjver  missiles.  A  final  choice  of  'deliign'  must  therefore  represent  a  cenlpYpmise 
of  mar-;  -  |fiables.  A  single  perform'htjce|  parameter,  like  range  or  ajxdfaey, 
cannc-  ji  measure  of  the  intrinsic'1  worth  of  a  missile  'design.  i( 

The  systems  analyst  must  ta^fe  a  syfderps.  approach;  that  is,  he  must. Attempt 
to  look  at  the  problem  as  a  wjfole.  rfe  must  examine  more  tl.iait  per folu nance 
parameters  to  make  a  wise  iccu||mend;rti<i>n.  He  must  consider  such  operational, 
and  logistic  factors  as  mobility^ data  requirements,  eumpsunicaiions,  stjp]|lies, 
maintenance,  personnel,  and  '’training, .".Before  deciding!,  to  use  an  ■  ijiutsua! 
substance  as-  <1  fuel  for  the  missile,  dri  the  grounds  that  it  would  .ehhjnce  , 
its  range,  he  .must  investigate ,,3. he  logistic  implications  of  the  decision.  Thy 
fuel  may  be  so  toxic  that  ii  will  icipiiiije -  inordinately  complex  "handling  for 
supply,  transport,  and  storage.  ^  .so,  d\|jer-all  system  performance  nijjiy  once 
again  he  degraded,  or  the  costs- raised  id  spite  of  any  increased  radge  that 
might  deyclop.  And,  indeed,  in  these  dajrs.  of  deterrent,  weapons,  the  Systems 

analyst  niXist  also  consider  certain  less  ipbvious',. factors — for  example;  the 
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missile  s  state  of  icatiincss,  its  vulnerability,  and  its  susceptibility  t<>  coiinler- 
'measiiVes— ■ -vithich  may  contribute  as  nnieli  to  deterrence  as  the  weapon  itself, 
and  be  the  items  which  dominate  the  costs  of  the  system.  Certainty  that  a 
missile  can  he  fired  after  an  attack  may  be  more  essential  to  national  security 

than  it!f  accuracy.  ,i 

,  .  •  '1 

Thu);,  in  this  fairly  limited  problem  of  choosing  an  .jiir„-defensc  missile,  a 
systerpk  approach  is  indicated. -.Despite  appearances,  no  easy  answers  are 
possible.  The  context  of  any  answer^  as  we  have  illustrated-  -must  embrace 
everything  pertinent  to  every  alternative  system. 

The  simplest  category  of  systems  analysis-  -illustrated  by,  the  example  just 
given- -involves  a  choice  among  essentially  similar  alternatives  for  accom¬ 
plishing  if  given  goal.  That  is,  possible  alternative  missile  systems  may  differ 
widely  in  "accuracy,  range,  payload,  and  certain  other  characteristics. ,  such  as 
alert  status.  However,  they;  are  likely  to  Ire  similar  in  those  fundamental' aspects 
where  the  uncertainties  are  the  greatest— jjfor  example,  in  the  relation  of 
their  performance  in  combat  to  that  on  the  proving  ground.  In  enemy  reactions 
to  their  development  and  u;|e,  anti  in  their  logistics  anil  support  problems. 
But  these  very  uncertainties!  laktm  in,  conjunction  with  a  .prior  decision  to 
acquire  weapons  of  this  sort,  actually  explain  the  simplicity  of  the  analysis. 
Since  the  weapons  arc  essentially  'Similar  means  lor  accomplishing  the  same 
objectives  and  are  roughly  contemporaneous  with  each  other,  most  of  the 
uncertainties  are  likely  to  affect  all  designs  in  the  same  direction  and  approx¬ 
imately  to  the  same  extent.  Consequently,  failing  to  take 'such  uncertainties 
adequately  into  account  will  not  likely  invalidate  the  comparison.  Moreover, 
iti :•  analysis  in  which  the  alternatives  arc  relatively  similar,  it  is  fairly  easy 
toilapply  measures  to  alleviate  the  effect  of  uncertainty  oa  the  choice  between 

ll  ji  „  i 

them);  Having  once  decided  what  we  want,  the  analysis  Can  proceed. 

|ii»such  a- case,  having  agreed  upon  thy  .^objectives  atjd  determined  a  way 
to- measure  the  military  effectiveness  of  the  system,  the  analysis  beelines  a 

■  ;/  "  ji  *>„  '  t  ••  ;•  if 

coft-rfferliveness  analysis.  Such  analysis  would  ordinarily  take  cither /of  two 
"equivalent  forms.  For  y  given  desired  level  of  military  effectiveness,  the 
v/systems  analyst  might  attempt  to  determine  which  alternative,  or  combination 
of  alternatives,  \youlil  imply  the  least  cost.  Or  for  a  sji&ilicd;  budget  level,  he 
•'plight  thy  to  find  out  which  alternative,  m  combination  of  them,  would 
maximize  effectiveness.  But,  in  cither  case,  V,hc  total  systems  analysis  would 
require  numerous  sub-studies  of  the  sort  we  have  mentioned. 

On,  the  other  hand,  a  broader  problem  for  systems  analysis  might  involve 
the  design' of  an  entire  air  defense  system  to  protect  the  United  States  from 
■  damage.  This  would"  he  difficult,  hut  nut  merely  because  of  the' wider  contest 

ij  °  •• 

',  involved.  'Flic  value  of "  qn  air-delense  system  "is.  measured  ..by  more  than  its 
ability  to  prevent  damage  in  the  event  of  a  surprise  attack which  begins  an 
•all-out  war;  thus-,-  in  peacetime  it  polices  our  borders  and  prevehts,  intrusions,? 
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Heller  in oleeiion  lesnlis  i.ro-n  preventing  war.  < n ,  if  -warjjeomes.-'from  keeping i: 
it"  aw  ay  from  our  voiiiurv.  poirut  eillter.  of-,.,  these  (filings.  however.  depends  • 
ai  least  as  m\ieh  op  the  existence  of  offensive  power ;;:uul  a  national  policy  H 

"  .  . .  a  ••  4  *  ‘  \\ 

ioi  using 'll  as  il  lines  on  an  ilefeijsc  -  anil,  probably  a  good  deal  more.  Hence 
even  the '\nrrMdn  of  timl'iiig  a  wo|kinj>  basis  for  ugreOijjicnl  oil  objectives  ansi 
Criteria  is  not  likely  lo  lie  an  oasj  otic.;  ji, 

i;  Hui  assuming  that  criteria  and  objectives  have  been  tenlalivclv  sot.  coil- 

•  .  •  *  .  ..."  I!  t»_  :<i 

pi  al  l  icil  tlillicisll.ses  jvmain\;-  1  k*iy.  altvrnat'iw  .suh^yslcms  wiih 


C< implei nculai \  Inn  essentially  dilfcrem  lacks,  such  as.iailar  ami  antimissile 
missiles,  would  co\npe,'e  lor  ; resCii i ices:  Moreover,  .'even  with  weapons 


would 

having  essentially'  life  same  ob|cct(J/cs  sav.  air -del  en, ’sc  missiles  for.  point 
defense  and  those  des-jgil'ed  lor  ..area:;  coverage  new  'diljjieullibs.  arise  heeanse 
•si toll  f actor*  as' -.1  lie  warn mgH-iinc'j.  ivijui rod  lor  their  deployment. 'tlieidH'arying 
a  isitfulnesii  urn  lev  varying .  enemy  tallies,  aiid  even  I  heir  support  structure 
nufv  be  eptirelv  ^|iiierent.  A,pil  jii|.mg!  the  level  ol  knowledge  .about  life  various 
svkleriis  will  -be"  different.  Of  |[*«j|prstjlf  for  weapons  such -as  aircraft!  I  here"  is 
mud  I- past  experience  to  gtj-idc|  I$r-:'  ib,fydJsl.dator  with  respect  to  sijihjlhings  as 
in  linieii'iiiiee  1 1 g. i cinel its.  icl}alnlii|.  ijaud  the  lily.  Hut  ioi  .missiles,  this 
bucking  ol  expel  icnce  does  not  ex itjj,.  Si  .veil .  more  serious  .arc  (lie  elfecls  of 
Ijuieer t.;i ii\! its  about  alternatives  vvh||.:h  coiiti.iuule  lii  damage  reduction  in 
M oiiiois  <|iiTereni  .ways  say,  siielteiNpmi  alert  missiles,  i 'ml her,  since  (as  we 
Ilne.iiijoiK'il  earlier)  a  bellei  u",ay  lo  pucvenl  damage  is  not  lo  have  a  war,  (he 
fjnah  sis  ha",  lo  Outsider  also.  Imw  any 'combination  of  weapons  will  alfeet  (i 
the  likelihood,  of.  war,  as  well  as  the  chances  of  survival  if  it  comes. 

h  is  dear  I  ha!  in  the  analysis  of  iinmeroi.is  parts  of  this  broader  sort  oil 
il 

problem.,  sortie  ol  •  which  are  of  the  greatest  miporfanccv  no  quantitative  <|>r 
wholly.'- explicit  guidance  lit  all  can- lie  provided,  t  inf  orhtnaleiy,  this  silualifjn 
is  probably permanent,,  Hence  a  ' great  deal  of  subjective  judgment  miifil 
iicccssarify  .lie  involved,  Ajlence,  too,  a'-\sutiietimys  moiHimcut<yi  frustration  with 
iiv.sl'epis  aiifilysis  as  a  iimfyltod  .  is  biiiund  to  iins'e.  linl  regardless -of  llie  dcli- 
irij-neies.  and  diilii  iiiiiesfol  an  analy.'tie  ;ipp|.'oacli^'fo  modern  warfare,  some  ol  : 
wJiieh  may  in  fact  eventually  he  e'limi  halt'd ..  tlifi  approach  as  it  exists  today-' 

I  gp:  proven  itself  capable.  in  the  h, finds  of  skilled  and  'artful  practitioners,  of 
|ii'o.|i.iein.g  resold  no  other  method!!  can  equal.  <  ii  volt  thi’^  leConl,  as- well  i.p 
ail  awareness  u‘>.  ..iffe  fad  that  the  general  situation  whichjJod  to 'I  ho  growth 
ojL.npei  alions  analysis  iy  Woriil  W'Jii  li  continues  lo''  exist''  today  in  industry 
ai;)il  die  mililai  y,«  illere  seem  io  be  j|  hoi  1 1  a  'Virtue  and  a  neei.-ssily  in  learnii'i! 

si  Sun  1 1  line  .ihnnl  how  In  “do”  this  Curl  of  philosophy,. 

■j  "  '  "  [i  --.  a  “ 

'  I  lien  are  soi i r-.e- ,  and  i’i:  vf  books  fit  o  I  rain  imalv.ls  m  the  praclice  ol  opera 
''  "  "  '  ».  ji  ■  .  ,  , 

•hoys  resea  roll  and  systems  'oj1jjineer|ni>'  f,  tyese  dear  niaiiih  with  iu,jilriemalica.h 
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techniques  ami  methods  for  solving  problems  that  have  -  been  represented 
symbolically.  Hut  Sophisticated  malliemafieal  tools  ate  not!  major  s|umbling 
blocks  in  most  systems  analyses^  Although  one  teason  loi  this  is'jilliat  the 
simpler  and  more  traditional  mathematical  tools  are  adcqiyilcl  im  a  great 
mans  cases,  the  important  rehsoip  is  that,:  the  real  diliicultics  if)  attempting- 
to  analv/e  the  broad  problem's  facet!  by  mjliiarv.  or  gdvernmenf  decisionmakers 
lie  elsewhere.  They  concern  the  desist}4. .and  definition  of  the  prqhlem.  the 
select  ion  of  a  rule  ol  choice,  and  the  interpretation,  id  the  reJujjUs  of  tile 

studs,  rather  than  (.ho/  analyst's  use  of  -topis.  I  here  arc. pit  falls  id!  Pie  ukc  of, 

11  .]  .  "  ,  ''  ii  ' 

or  Ihe  failure  Ui  use,  maihenial leal  techniques,  hut  -  I he-  iiftpurtuiQf'alkl  easily 
made  errors  in  the.se,  studies  are  more  likely  to  occur  'jclsciivlK’iv. 

■  I'he  kano  (  oi  pnraiioft  has  produced  broad  analyses  of  inilitap!  problems 
..for  a  number  of  ycais.  |Ovl*r  this  period,  nuineroiis  "suijgeslinn|  have  been 
made  that  rand  explain  j|  to  others  the  methods  used  in  iheso) studies.  We 
were  .Haltered,  but  we  fojjiiul  it  liillicult  to  decide  just  how  to  diji.ivtoro  than 

of  mathematical  techniques.  Ait  hough  . collectively 
Ideal  that  niifzht  be  .  useful  to  anyyine  ;|j!e^iiplinp(  to 


present  another  discussi.pi 


ye  have  learned  a  great  I 

apply'  analysis  to  military! decisionmaking,  we  really  do  not  feel  tl|al  we  know, 
how  to  supply  a  sel  c.f  steps  or  rules  in  the  abstract.,  which]  ii  billowed  with 
"  exactness,  would  automatically  guarantee  a  fruitful  afbpronrjh  to  problems  as 

>  ■  It  , . 

broad  and  complex  as  ihojje  oonlYontiisg  the  .milila'ry.  hd  idon'c  those  ol 
S  business  ami  government  as -well.  '  '  i  j 

I  In  view  ol  these  d.illniiilties,  inn  only  in  tin-  pi  in.  I  ice  ol  analYsijj.,  hut  also 
in  tmdcrsiondmg  and  applying  its  results,  we  reached  tjie, docisiot|  that  a'sel 
ol  informal  lecliires ■•designed  to  aid  military  ollicers  and  civilians*  concerned 
with  tlii’  evaluation  and  use  of  analytic  studies  might  tin  more  fO'  prom  ole 
„  the  proper  use  of  analysis  than  wdjuhl  anv  nunc  formal  ell'orl  to  l|ai,u  analysts 
in  established  techniques.  Since  the  emphasis  would  necessarily  l|ave  to  b,e  on 
"concepts  anil  principles,  we  hoped  that  such  ail  ^approach  ^vbuld  xijpply 
ini'Wmation  not  lii\  be  found  in  the  usual  operations  research  text. 

(these  lectures  were  therefore  addressed  to  the ..  “consumer"  ol  systems 
analysis,  rather  than  hi  the  systems  analyst  himself,  a  distinction  we  tjiake 
b.ecifusc  the  Iwo  have  diHerenf  responsibilities  with  icspeet  to  an  yrg.a.p i/.a't.ipn. 
"I  lini  man  .with  responsibility  foj  m.ikirtg  divisions  based  upon  analysis  has 
to  rlo  a  lot  of  listening  to  the  opinions  of  others  without  being  able  to  check 
on  how  these  ideas  originated.  Thus,  many  of- his  decisions  are  based  on  his 

"  ‘  j!  .  4 

jud;|n'ie)ii  about  the- .eorniieieni  r  ui  others  and  on  the  extent  to  which  he  is 
abhpllii  understand  what  they  are  trying  to  communicate Yet.  the  civilian 
'  executive  or  mililaiy  eommander  who’ decides" he  can  do  tints,  and  so  because 
some  scientist  or  engineer  lolls  him  it  will  work  is  taking  a  considerable  ijisk. 
i:  At  least  lie  should  question' his  informants  and  try  to  get  some  assurance  that 
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the  conclusions  presented  either  accord  with  common  sense  or  fail  to  do  so 
for  a  good  reason. 

This -book  is  offered  to  make  th.^t  process  easier.  It  irj'  an  outgrowth  of 
the  notion  that  it  is  possible  to  appreciate  systems  analyse!,  ami  to  use  their 
results  with  appi  operate  confidence.  'without  having  to  become  a  systems 
analyst.  The  ;\ir  commander  in  a  eotjibat  area  can  learn  to  appreciate  the 
planning  effort  that  went  into  his  logistic5. support,  so  that  he  can  confidently 
rely  on  it,  without  having  to  duplicate  each  step  of  the  planning  himself.  Anil 
because  our  objective  in  this  hook  is  to ‘provide  .this  same. kind  of  appreciation, 
,jve  have  included  4erV  little  about  such1  esoteric  subjects  as  game  theory, 
'•linear  and  dynamic  Wdgftinimtng,  ami  Monte  Carlo,  which  ;j-rc8  the  stock  in 
trade  of  the  operates  researcher;  sijclii  tools  are  covered  elsewhere.  Our 
emphasis  falls  almos|S  exclusively  on  concepts  and  principles. 

These  lectures  tak!‘e  a  critical  approach  toward  the  role  of  analysis.  And 

j!  i  !i  ••  ««  ■ 

though  dillercnees  of  detail  exist  among  them,  they  all,  agree  that  the  solving 

of  broad  “military  problems  requites  intjjiiti'on  and  judgmenl  as  well  as  analysis, 

and  that  models  and | the  results  of  coujiputntibns  cannot,  in  themselves,  make 

decisions.  All  of  thejjh'  point  oi|f  how  ‘the  use  of  analysis  c-jin  provide  some 

jpf  {'lie  knowledge  nijeded,  'how-' it  may  sometimes  serve  as;1  a  substitute  for 

experience,  and,  miijst  importantly,  holv  it  chi  wdi  k  to  sjjia'rpen  intuition. 

Together,  they  attcmjpt  to  demonstrate  that  systematic,  reproducible  analysis, 

developed  in  a  framework  permitting  the' skills  of  specialists  hi  many  fields  to 

he  combined,  can  yield  results  that  (ransefipd  the  capabilities  of  any  indi/idual. 
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ANALYSIS  FOR  AIR  FORCE  DECISIONS 

it 

*  "  C.  J.  HITCH 
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The  lirst  extensive  use  of  fornfttl '  analytic  ■methods'  as  an"  aid  to  military 
dccisionmafeihg  vt^s  made  by-  operations  analysis  Teartis  in  Wo^Jd  War  'll. 

But  War'll!  War  li  operations  "analyses  were  very  Jiiyited  in\charneter. 
They  related  io  military  operation*  in  the  •  immediate  filtiiro — how  to  use 
existing  equipment  --not  to  decisions  regarding  force  .composition  or  the./ 
development  of  equipment,  which  a/Iect  the  Armed  Forces  in  the  more  distant 
future  and  s^liich  require  an  tini'alysis  of  the  tyvurc.  Partly',  in  consequence, 
they  were  sirfipiti,  in  the  sense  tljat  they  considered  only  a  small  number  of 

■ji  -l  ‘  '  " 

interdependent  factors,  -,Thc  analyst  was  able,  as  a  rule,  to  use  some  fairly 
Obvious  and#  straightforward  objective  or  criterion  as  a  basis  for  choosing 
one  operation  qver  another.  '  • 

A  tVpical  'pxample  of  a  World  War  11  operations  analysis  problem  was  the 
selection  of  the  bomber  formation  in  attaching  targets  deep  in  ( iermany.  This 
problem  had  few  variables  and  an  obvfous  criterion:  minimi/e  losses  in 

•s  <1  (l  [i 

achjcvmg  dip  required  target  dexirijction.  i 

Since-  the  war.  attempts,  have  been  mayc  at  hand  and  elsewhere  to  u&" 
analysis  ips  an  aid  to  rpilitary  deejsibfis  i|  problems  of  immensely  greater, 
complexity.  There  has  tjieen  a  tendency  tor  use  die  toim  ‘•systems  analysis" 
tij)  describe  thesb  more  complex  analyses,  but  there  is  no  line  of  demarcation. 
Both.-  opieraffiins  analysis  and  systems  analysis  are  attempts  to  apply  scientific 
methods  to  important  problems  of  mijilary  decision.  s.Hnth  have  the  same 
essential  -lerients:  '  j; 

■  An  objective  or  a  number  of  objectives. 


i  I  ■  , 

Alternative  means  for  “systems")  by  which  the  objective  may  be  accom¬ 
plished.  (These  may  be  different  weapon  systems,  Or  different  strategies 
of  using  a  -Weapon  system.)  ■  "  : 


The  “ costs' ’  or  resources  required  by  each  system.  . 

A  mathematical  or  logical  model  or  models;  that  i.S.  .a  set  of  relationships 
among  die  Objectives,  the  alternative  r, beans  of  achieving  .them,  "the 
environment,  ..and  the  resources.  '  ,  ;  ■  i 
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A  rriiri'inu  lor  ehyusing  1  preferred  alternative.  1  lie  criterion  usually 
relates  the  objectives  anil  the  costs  in  some  milliner,  lor  example.  ft\ 
maximizing  the  achievement*  ol  objectives  lor  some  assumed  or  gigen 
budget.  .  i. 


Important  developments  anil  extensions  ol  operations  analysis  have  oojlinpd 
since  Work!  War  11.  We  will  discuss  them  in  ttirn,  considering  brief  fy  t[ie 
analytic  techniques  involved  in  each. 


2.  | .  Iiu  us!'  oi  ana;  x  sis  m  aid  in  i  oiu  i  (  Cimimi.si  i  ion  \ni>  diviioijmini 
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Decisions  regarding  force  Composition  and  development  do  not  necessarily 
require  dilierent  analytic  techniques  Ifom  those  used  lot  opeialious  pnjlilcms. 
Blit  the  techniques  ate  likely  to  dilloi'  heeause  these  problems  aye  concerned 
with  the' wars  ol'  the  future,  and  as  (we  peer  into  the  future  the  number  oi 
variables  increases,  uncertainties  multiply,  and  different  kinds  ol  objectives 
become  appropriate.  It  is  an  historical  laet  that  the  attempt  lo  apply  analysis 
to  development  problems  at  rand  and  elsewhere  -has  sparked  impoilaiil 
advances  in  the  use  of  analytic  techniques  in  all  ll.iipse  areas. 


2.2.  VI  OR  I7.  VAUIAIU  IS  ,1 

)  ' 

The  fact  that  we  are  Concerned  with  an  V..  borce  lioin  three  to  lilteen 
years  in  the  future  instead  of  with  live  present  An  borce  vastly  increases  the- 
number  and  kinds  of  variables  we  have  id  consider.  All  suits  ol  things  which 
are  given  in  the  short  run  become  variables  in  the  lone  rim.  l  or  example, 
hi  [In;  bomber  formation  operations  analysis  ol  Woikl  War  I!  the  planes  wco 


B-I7’s.  their  number  was  given,  the  targets  were  given,  the  number  oi  bombs 
were  given,  the  enemy  defenses  wll-rc  given,  etc.  blithe  longer  run  these  are 
not  given.  They  are  unknown.  Ifiey  become  variables.  Some  are  variables 
subject  to  i]m  control,  some  to  life  enemy’s  control,  and  olheis  to  nobody’s 
control.  Bur’-all  are  variables,  atul  li'li  are  interdefiendenh 

f|’o  illusiriite  how  this, can  increase  the  numbt-T  of,' systems  to  he  compared 
consider  a  simple  bomber  develijpmcnl  analysis,  where  the  piohlcm  is  lo 
choose  tb.e  preferred  vehicle  hi  5  develop.  Suppose!  we  ruthlessly  simplify 
aircraft  charactoi  istics  to  three — speed,  range,  find  altitude.  -What.  else  do  vve 
have  to  consider  in  measuring  liny  eiiecli vciicvr  of  the  bombers  ol  I  Df»  o'.  At 
least  the  following:  the  formation .  they  will  uic,  their  llight  path  lo  target, 
the  Hase  system,  the  target  system,1  (he  bombs,  kind  the  enemv  defenses.  Shis 
may  not  sound  like  many  parameters  (in  laet,  iL  is  far  fewer  than  would  he 
necessary),  hut  it  we  go  no  higher  than  ten,  find  ii  we  .  let  each  .parameter 
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i.ike.oniv  liyo  alternative  values.  w(f  already  have  2'"  <  aw's  lo  C;:i lvllil-.i tc  and 
compare  (  "•|l  •  1(100).  If  we  let  euij-l)  parameter  lake  lour  aitenlal ivc  values, 

we  have  4!"  eases  (4MI  •  I  000  (KX». 

111  the  World  Wai;  II  liomlier  formal  ion  piohkm.  on  tin-  same  assumptions, 
ait  these  things  weig  given  except  Tin'  formation'  and  -possibly  the  flight  path 
So  itisl  moving  into  the  f  uture  considering  pro  ■urement  and  development 
decisions  instead  of  operations  decisions  can  pul  us  in  a  dilVei.enl  hhl!  park. 

What  do  we  do  when  we  arc  coni  runted  with  a  million  or  I’lliiun  orj  dcciliion 
cases  to  eompnle  and  compare?  Of  ciunw.  we  develop  higher-speed  '.ijomputvrx 
every,  year  anil  u  relit  er  skill  in  using  them,  and  I  do  not  want  to  hl-lilll.:  the' 
significance  of  llii.s'\iccomplishuic:il.l  Hu!  even  the  capacities  ol  model  e.  high 
speed,  computers  are  finite,  and  there-  are  ifcm’a-jlv  new  eonlinitiji  limitations. 
We  have  to  get  relevant  ilala  and  relations  lo  .Iced  into  the  machine  on  all 
these  systems.  The  more  parameters  we  dealiiwilh.  die  mote  time  and  jSeopk 
this  lakes  both  scarce  and  valuably  resumed^.  , 

Somehow,  then,  lor  one  practical'  reason  Jr  another,  hie,  broad  problems 
1  'I  '  '  f 

have  to  he  cut 'down  in  sue.  We  have  to  si lyipl i I v\ a  practical  problem,  (hut 
is,  select .  those  variables  which  are  especially  important  lor  the  ■decision  with 
which  wc  are  concerned  anil  "suppress"  the  rest.  This  takes  good  judgment: 
it  amount's  to  no  less  than  deciding  in  the  designingbif  the  analysis  what  is  . 
important  and  what  is  \not.  : 

Many  systems  analyses  that  go  wrong,  go  wrong  'here.  hither  they  include 
a  mass  ol  data  and  calculations  which  are  jusi  excess  baggage,  or  I  hey  exclude 
some  really  critical  factor  nil  which  a  good  decision  depend:.;. 

2.3.  lixi'l.K  ll  IKMIMI-.NI  Ol  iiivi  ,  ki aHi  v 

t;  \n 

Uncertainties  also  multiply  as  we  look  further  into  I  he  I  ill  ure  -  -as  we  have 
to  do  because  systems  analysis  is  always  concerned  with  the  next  war.  not 
the  last. 

We  need  to  distinguish  several  kinds  of  uncertainty:  ■ 

11 

hirst,  uncertainly  ..about  pUmnin;;  jar  toys  such  -as  attrition  lates,  average 
bombing  errors,  anil  many  other  inputs  of  our  analyses  is 

Second,  uncertainly  regarding  the  rni'iny  and  Itis  nnulions. 

Third,  uncertainly  about  (lie  slmloyii  roiilexl.  Will  I  here  he  war  dining 
the  period  covered  by  our  analysis,  and  il  so,  who.’  Will  ii  he  g.-neial  m 
'•ij  locgU  What  will  he  the  political  consliaiiits?  Who  will  he  mil  enemies,- 
who  oui  allies''  (  an  we  rely  on  lirilain?  Oil  Yugoslavia7  -On  Maine7 
5  For  the  very  short  run.  strategic  imcertaiulies  of  this  kind  are  sometimes 
trivia!,  for  example,  -the  typical  operations  analysis  problem  in.  Win  Id 
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War  II.  In  th£  longer  run  they  can  become  dominant.  No  force  composi 
tion  or  develi|pment  analysis  can  ignore  them.  .  l  or  example,  the  whole 
conipos.itior  i|l  the.  A jV  Force  may;,  be  drastically  affected  by  our  opinion 
about. the  relative  likdjihood  of  bii'j  and  little  wars.  Who  can  tel!  us?  You, 
might  say,  "Hie  President  or  I'ne  loint  (  liiefs  of  Stuff",  but  the  Administnr- 

3  I 

lion  or  Joint  (;  liters  otjMaii  can  do  no  more  than  influence  this- likelihood; 

<  ‘her  factors  beyond  (heir  control  influence  it  also,  and  the  analysis  must 
?.  somehow  takij-  into  account  all'  the  possibilities. 

A  louitli  kirjd  of  uncertainty  lliat  frequently  dominates  development, 
;!  problems  is  icctinoloftical  uncertainty.  For  example, .  until  it  had  been 
tested,  there  was  real  Cincertainty  as  to  whether  the  H-bomb  would  work, 

I  "  u 

and  if  so,  when;  this  fact  profoundly  influenced  all  sorts  of  decisions  and 
t|e.  sljwciujre  o!  many  systems  analyses.  There  is  always  technological 
unceifa1nty\>f  some  degree  attached  to  research  and  development. 

J  ■ 

Finally,  there  is  statistical  uncertainty— the  kind  that  stems  from  chance 
'elements  in  (he  real  world.  '  ' 

j  • 

What  do  wc  do  in  a  systems  analysis  to  take  account  of  this  proliferation 
of  Uncertainties?  The  most  .important  advi,pe  is:  Don’t  ignore,  them.  To  base 
our  decision  on  some  single  set  of  “best!'gucsscs”  could  be  disastrous.  For 
example,';  suppose  that  there,  is  uncertainty  about  ten  factors  (lor  example, 
will  overseas  bases  lie  available  and  will  the  enemy  have  interceptors  effective 
at  60  000  feel?),  and  we  make  a  best  guess  on  all  ten.  If  the  probability  that 
each  he's;,  guess- is  right  is  60  per  cent,  then  the  probability  that  all  ten  are 
right,  is  one -hall  of  1  per  cent.  If  we  confined’  ourselves  to  the  best  guesses, 
wc  would  be  ignoring  outcomes  with  a  99.5  pci'  cent  probability  of  occurring. 

The.  problem  breaks  down  into,  two  parts:  First,  how  -do  we  compute  all 
the  “interesting’’  contingencies?- "-essentially  a  technical  -qurydijnn.  But  second— - 
a  more  fundamental  difficulty — once'  we  have  computed  |hem  (we  almost 
always  discover  ihajt  one  strategy  is  superior  in  some  contingencies,  another 
in 'others),  how  does  the  systems  analyst  ehoostb  the  preferred  strategy?  What 
decision  riot's  he  iceoiimiend? 

1  For  example,  suppose  analysis  shows  that  a  strategic  bombing  System 
dependent  on  overseas  bases  will  be  most  effective  for -,.1960  1965.  Suppose 
further  that  we  regard  it  as  quite  likely,  but  not  certain,  that  we  will  have 
overseas  bases  in  that  lime  period.  Suppose,  finally,  that  if  wc  should  not 
have  the  bases  the  system  woiijld  he  vci  y  bad.  What  do  wc  do  Jn  such  a  case? 

One  thing  .  y/c  vrissi  vjQ  -is  'CLil  fculutte  and  maximize  the  average  or  "expected’ 
outcome.  We’’ ali  ikoow, :tl1?s Shortcomings  of  this  procedure;  it  can  lead  to  the 
choice  of  a  tjjf'ckl&S  strategy?  sand  to  possible  catastrophe.  A  system  that  is 
not  as  good  on  tfje.  average  hut  does  fairly  well  in  all  w'asej  jn  which  we  are 
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interested  may  well  he  preferred.  T'xpected  outcomes,  in  any  event,  ignore 
the  fact  th;\f  we  are  playing  against  mi  intelligent  enemy  who  can  influence 
or  even  choose  the  contingency  we  will  have  to  face.;  The  theory  of1  games 
suggests  that  in  such  circumstances  we  should  "iuinimax”;  that  is,  choose 
the  system  which' minimizes  "the  worst  that  can  happen  to  us.  Biit  this  is  not 
perfectly  satisfactory  either.  In  many  eases,  ininiinax:  has  the.  opposite  fault; 
it  is  too  conservative  and  forfeits  opportunities  to  exploit  enemy  mistakes, 
or  what  we  know  about  his  predilections. 

There  simply  is  no  satisfactory  general  answer  to  the  problem..'  Different 
people  take  different  views  of  risks — in  their  own  lives  and  as  decisionmakers 
lor  the.  nation.  Some  play  boldly,  some  play  for  safety.  What  does  the  poor 
systems  analyst  do?  He  frequently  calculates  expected  outcomes  or  the 
ininiinax  solution  or  both,  but  in  interpreting  his  results  he- is  aware  of  their 
shortcomings.  But  he  does  not  stop  there.  There  are  tricks’’ of  the  systems 

analysis  trade  in  cases  where  uncertainties  arc  grossly  important; 

ii  • 

(a)  He  tries  to  invent  a  new,  system  which  is  as  good  or  almost  as' 
good  it  overseas  bases  arc  available,  but. still  pretty  good.  if  . they  are  noi. 
We  call  a  system  which  is  best  in  any  circumstances  a  “sure  thing’’  or 
“dominant”.  We. can  seldom  find  :i  truly  dominant  system,  but  sometimes, 

»  if  we  are  ingenious,  we  can  come,  close.  'The  systeiihs  analyst  is  not 
restricted  to  the  systems  he  starts  to  compare.  'The  mostj  valuable  function 

,  of  systems  analysis  is  often  the  stiifiulus  it  [jives  to]  the  invention  of 
hotter  systems. 

,  a  1 

(b)  If  he  fails  to  find  a  dominant  solution,  the  analyst  calculates  the 
cost  of  providing  insurance  against  the  chance  of  catastrophe  —possibly, 
in  the  above  overseas}  bases  example,  by  buying  a  mixed  force  with  a 
substantial  number  olf  very  long-range,  aircraft.  'Then  tsj.c  Air  .  Force  has 
to  ma|ec  a' command  decision,  but  at  least  jt  can  do  so  knowing  What  the 

.  ‘  •  .  t  i  -  J  lj 

insuraqci;  .  •  jj  .  "  •' 

(c)  ”  If.  he  is  concerned  Witii  development  decisions,  he  resjpmmends  the, 
development  of  aircraft!,  and  missiles  only  some  of  wtifeA.  -.Ji-perid  on  1 

’’  overseas  bases.  The  situation  may  be  dearer  when  decisions  abottt  'qiiarp-; 
tity  procurement  have  to  be  made  several  years  hence.  We  can  develop// 
more  types  of  equipment  than  we  procure  in  quantity  and,  given  the 
relatively  low  cost  of  development,  we  otjghl  to.  Insurance  is  cheaper 
•  at  this  stage.  The  analyst  must  guard  against  the  implicit  “either/ or”, 
when  a  better  answer  might  bp  “both”. 

2.4.-  The  enemy 

An  unfortunate  thing  about  military  problems  is  tht.ii.’  in  the  real  world, 
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they  invariably  involve  an  enemy  whose  outstanding  characteristic  is  his  desire 
to  he  uncooperative.  He  e  os  n  p !  i  c ales-ipu  i  lives,-  anil  also  our  analyses.-.  In  some 
problems.-  what?  the  enemy  does  is  obviously  crucial  in  making  the  right 
decision,  for  example, .in  the  never-ending  struggle  between  electronic  counter¬ 
measures  ami  eoimter-coimtermeasures.  lint  enemy  behavior  can  also  he 
crucial  in  mail}*  less  obvious  instances.  There  is  thus  great  interest  in  devel¬ 
oping  models  which  include  a  malevolent  enemy. 

1’wo  kinds  of  models  are  available:  ynme  i henry  models  and  ,i unties  (tbai  i  i, 
war  games). 

(iame  theory  is  a  branch  .of  matliemalics  which  studies  situations  ol  conflict'. 
The  theory  urjjfoi innately  is  still  in  its  infancy  ( 'onsoquenlly,  the^e  is  a  strong 
tendency  to  uie  war  games  instead  of  game  ijieoiy'.  ( i antes  have!  been  devel¬ 
oped  which,  unlike  traditional  military  war  games,  permit  majjiy  play^-su 
that  a  number  of  possible  strategies  can  be  tested  against  enemy  eouritcr- 
strategies.  War  games,  like  game  theory,  sue  far.  from  completely  satisfactory, 
hut  for  other -reasons.  Different  players  play  differently- -some  probably  too 
well  to  he'J  representing  national  governments.  It  is  usually  impossible  to  test 
which  factors  are  responsible  in  determining  the  outcome.  Kesnits  ui;e  there¬ 
fore  .difficult  to  interpret.  / 


2.5.  Hxci mi  triatwini  hi-"  timk  ritASiNO 
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In  many  mi l itatky  problems  the  sequence  of  events  is  of  critical '(importance, 
b'or  example,  should  wc  go  into  production  now  on  some  particular  missile 
defense  or  wait  two  years  until  a  better  one  is  developed? 

To  handle,  such  problems  we  need  “dynamic"  models  —models  in  which 
the  parameters  hear  dales.  We  have,  such  models,  but  introducing  time 
explicitly  is  neither  easy  nor  painless  because 

it  complicates  the  computation  by  multiplying  the  number  ol /param¬ 
eters — we  now  have,  a  set  fpr,  each  date.  So,  it  wc  put  time  in.  we 
may  have  to  take  (ronicthing  els,b  out.  t 


ft-  complicates  ihe  selection  of  a  criterion.  Solution  A:'rnay  he  better  lor 
I960,  worse  for  1962;  solution  It,  vice  versa. 

*  '  J 

It  raises  in  acute  form  the  question  of  our  ability  to  predict:  tor  example, 
,  "  |ll  tha.t  much  better  missile  really  he  ready  only  two  years  later? 


.  ///' 
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-  The  selection  of  object iv6s  and  criteria  is  frequently  ihc  central  problem 
of  the  uesign  of  any  systems  analysis.  What  do  we  really  want  our  systems 
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to  accomplish?  How  do  wvtesl  the  alternative  systems  to  see  which  accom¬ 
plishes  our  objectives  the  best?  “ 

We  have  seen  that,  in  the  typical  World  War  II  operations  analysis  problem,, 
fairly  simple  obvious  ways  out  of  these  dilliculties  could  usually  he  folindy 
So  many  things  were  fixed  or  given.  Thus,  in  the  bomber  formation- example,! 

"  wc  can. choose  the  iormuiion  which  maximizes  target  destruction  for  given 
aircraft-  losses,  or  the  one  that  minimizes  aircraft  losses  lor  given  target1  destruc¬ 
tion.  These  criteria,  although  they  sound  different,  are  logically  equivalent  and 
so  give  the  same  answer.  .  1 

Consider,  by  contrast,  the  problem  of  choosing  bombers  and  missiles  to 
include  m  the  sac  force  of  die  anodic  sixties.  What  arc  the  relevant-  objectives? 
What  do  we  want  sac  to  accomplish?  Deterrence,  of  course!  Hut  vvliat  hind? 
Deterrence  ot  a  surprise  attack  on  the  l  tinted  Slates,  or  deterrence  ot  Soviet 
aggression  in  the  Middle  l  ast'.’  These  ma\  have  very  diflereiil  implications 
for  force  composition.  I  low  do  we  measure  deterrence,  it}-  a  quantitative 
manner?  And  is  detci rence.  the  only  objective?  Obviously  no;V.  If  possible,  wc 
also  want  a  sac  that  will  strengthen  our  alliances,  that  vyilLuot  trigger  an. 
accidental  war,  and  that  w i I')  light  effectively  if  defprrence  fails.  But  il  we 
are  to  make  a  choice,  we  have  to" have  a  criterion  or  rule  by  which  we  can 
at  least  measure  deterrence  approximately. 

Answering  these  questions  is  dillicnjt.  But  they  have. to  he  answered  and 
■j  answered  right  il  our  systems  analysis  is  to  be  worth  anything.  Heie  is  another 
point  at  which  good  judgment  has  to.  bcps;U|)f<-  the  analysis.  Working  but  a 
systems  analysis  with  a  bad  e|jiicHotv 'is  equivalent  to  answering  the  wrong 
question.  It  is  very  easy  to  choose  a' criterion  for  it  i nice  composition  or 
■development  problem  (hat  will-  ensure  our  choosing  tlgv  optimal  system  for 

■!  t  ; 

the  wrong  war  at  the/ wrong  time  ni'j  matter  how  sophisticated  the  iesi  of 
the  analysis  is  Ho-  lx|  fair,  it  “-is  easyCto.  make  the  same  mistake  without  a 
.systems  analysis).  jj...  •  ■  .  1 

In  some,  indeed  jh  most,  of  the  haul  eases,  the  search  for  an  objective  anti 
a  single  criterion  is  too  elusive.  We  have  to  Apply  a  number  of  tests  to  our 
systems  and  feel  our  way  toward  the  best  or  a  good  system,  inventing  as  we 
go  anil  making,  use  along  the  way  of  the  good  judgment  -of  the  analyst  and 
ul  the  mililaiy  customer. 

’  One  may  well  ask,  in  vicW  of  this  long  catalogue  of  ditliculties  and  limita¬ 
tions.  wheilu-i  military  systems  analysis  is  v.-orih  supporting. 

"ijjhe  lir.st  tl  ling  to  stress  m  answeiing  this  question  is  that  almost  aii  the 
dilliculties  we  have  discussed  are  inherent  in  the  jnatuio  of  military  problems. 
Thifrc  are  many  variables  in  a  systems  analysjis  hiheau.se  in  hard  military 
problems  lots  of- things  just  are  inipoi  tant.  The  ..real  problems  are.  beset,  with 

i! 
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uncertainties,  plagued  by  an  inscrutable  enemy,  and  tied  to  elusive  national 
objectives.  You  can't  Maine  the  difficulties  bin  the'  analytic  methods. 

Before  we  can  say  anythin!'  in  gcnciul  about  liie  •Usefulness  of  systems 
analysis  we  must  know  what  we' are  contrasting  it  with.  If  wc  define  systems 
analysis  broadly  to  include  the  various  techniques  we  mentioned  earlier,  what 
are  the  alternatives?  l.ct  us  consiiler  two  of  them. 

System:;  versus  N  onsy  sterns 

Concentrating  on  the  first  word,  “systems’',  the  alternative  to  a  systematic 
approach  is. an  unsystematic  or  piecemeal  consideration  of  problems. 

.This  distinction  is  simply  a  question  of  breadth  of  context,  lit  principle,  ■ 
one  can  attempt  tcynintiiit  answers  in  a  broad  or  narrow  contest  or  use  analysis 
in  a  broad  or  narrow  context. 

It  -would  he  foolish  tft  maintain  that  broad  contexts  are  good,  narrow 
contexts  bad.  It  all  depends  on  the  problem.  Systems  contexts  can  be  too 
broad-,  and  when  they  are,  they  are  wasteful.  If  you  are  a  scientist  trying 
to  develop  materials,  to  withstand  the  heat  of  rocket  engines,  your  chances 
of  success  wi.l!  be  reduced  to  the  extent  that  you  devote  time  and  energy  to 
pondering  the  relative  likelihood  of  big  and  little  wars  a  As  a  matter  of  historical 
fact,  almost  all  scientific  and  technological  progress  has  been  achieved  within 
very  narrow  contexts-  -by.  scientists,  yvearing  blinders. 

Nevertheless,  there  are  cases  wivere  fhe  systems  approach  the  systematic 
examination  of  broad  alternatives- -throws  a  flood  of  light  on  important 
problems.  'The  selection  of  a  base  system  is  such  a  case,  l.ct  me  tell  you 
of  another  that  cropped  up  in  a  rand  defense  study  several  yean;  ago.  It 
was  at  that  time  operational  doctrine"  for  certain  interceptors  to  carry  arma¬ 
ment  that,  according  tp  Air  Defense  Command,  estimates,  gave  each  piano 
a  50  per  cent  probability  of  killing  an  intercepted  bomber.  Well,  50  per  cent 
looked  mighty  good  to  most  experienced  Air  Force  hands.  By  Work!  War  II 
standards  it  was  impressive.  ?  1  "  ■ 

What  did  wc  find  when  we  examined  this  doctrine  in  a  systems  context? 
Essentially:  I. 

(a)  Unlike  the  situation  in  World  War  II.  where  air  strikes  were 

ill  (  ,  7  '■ 

continuous,  we  wc£p  preparing  thiji  time  for  defphse  against  one  (or  at 
most  a  very  few)  massive  atomic  strikes. 

(b)  The  total  systems  cost  of  procuring  and  operating  the  interceptors--- 
to  get  them  ..into,  position  prepared  to  fire  a  rocket  at  air  incoming 
bofti)rO|' — was  extremely  high,  so  high  that  the  most  lavish  expenditure 

on  arrtktrhent  scarcely  affected  the  total. 
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(c)  ■  Move  armament  would  i  lie  lease  the  probability  ol  kill  to  75  per 
cent  and.  degrade  interceptor  performance  by  a  negligible  amount. 

(d)  It  was  therefore  obvious  nonsense  to  economize  on  armament.  The 
right  answer  was  to  load  the  interceptors  with  as  much  as  they  could 
carry . 

Now  l-his  was  an  important  result  of.  looking  at  a  problem  in  a  broad 
systems  context.  An  elaborate  computation  was  not  really  necessary.  It  was 
tiro  simple,  once  you  thought  ahout  it  in  the  right  manner.  But  a  systems 
analysis  forced  both  the  systems  analyst  anil  his"  milifaiy  audience  to  think 
the  problem  through  in  a  systems  context. 


i*  'i 

Analysis  versus  Intuition 


Let  us  now  tijin  to  the  second  word  in  systems  analysis;  the  alternative  to 
analysis  is,  I  suppose,  intuition.  ...  .. 

The  main  point  1  want  to  make  might  be  called  the  inevitability! of  analysis 
What  we  call  intuition  is  a  species  of  logical  analysis.  It  uses  models,' in.  our 
sense  of 'simplified  conceptual  counterparts  of  reality.  Not  surprisingly,  in 
military  problems  as  in  so  many  others,  it  is  sometimes  useful  to  buttress  our 
feeble  minds  with  some  external  assistance:  a  pencil  and  the  back  of  an 
envelope;  a  few  equations;  a  desk  calculator;  and  in  special  cases,  sophisticated 
statistical  and  mathematical  theory  or  high-speed  computers. 

1  am  not  selling  intuition  short.  I  he  unaided  human  mind  is  quite  remark¬ 
ably  proficient  at  , solving  some  kinds  of  problems.  As  an  example,  intuition 
solved  the  traveling  salesman  problem.  This  is  a  famous  mathematical  problem 
that  long  frustrated  mathematicians.  In  one  version,  a  traveling  salesman 
.starting  from  Washington  has  to  visit  48  state  capitals  and  return  to  Washing¬ 
ton  using  the  shortest  route.  It  turns  out'  that  there  are  a  great  many  possible 
routes— in  fact,  It)"2  of. them.  Despite  this  vast  number  ol  alternatives,  hut/* in 
beings  a'.V-  hand,  using  pins,  u  piece  of  string,  and  their  intuition,  disccgvrtd 
the  one  that  was  shortesr.  •  J;\, 

I'hc  hum. m  mind  has  some  great  advantages  over  any  machine — it  we  "'aink;, 
of  theni  as  rivals- nr  alternatives.  It  has... by  cunm.  ■■  ,ou,  a  capacious  i\r.' ’y,,0!ry , 
which  enables  it  to  learn  from  cxpeiienee.  It  has  a  remarkable  faeciiy  for 
factoring  out  the  important  variables  ijind  suppressing  the  rest.  Thfcsd  are  the 
reasons  human  beings  1'ieat  machines  at  chess  or  war  games. 

But,  on  the  side  ol  analysis;  hist,  ii.  is  wrong  to  look  upon  intuito.'n  and 
analysis  or  minds  and  machines  as  uVa's  or  alternatives.  Properly,;. tsed,  they 
'f  complement  each  other.  Wc  have  seen  that  every  systems  ari^|y?  '  is  shot 
through  with  intuition  and  judgment,  livery  decision  that  seeiiss  t<i,  ,ve  based 
on  intuition  .is  probably  shot  through  with  species  of  analysis. ,®‘- 
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Second,  while  unaided  intuition  is  sometimes,  strik imilv  successful,  as  in 

il'-'- 

thc  traveling  salesman  problem,  it  can  also  fall  !]u!  on  its  lace.  1  shall  spate 
the  reader  examples.  Tveryone  has  his  own. 

Third,  one  of  the  troubles  with  intuition  is  that  you  don't  kuo'jy  whether 
it  is  good,  at  least  not  without  an  analytic  check.  l;or  example,  intuition 
was  good  enough  to  solve  the  traveling  salesman  problem,  but  ws  did  not 
know  it  until  we  solved  ii  analytically.  Similarly,  mais  d  id  n't  know  its  assign¬ 
ment  of  aircraft  to  routes  Was  within  5  per  cent  of  optimal  until  we  wot  bed 
out  an  analytic  solution. 

And  finally,  analytic"  and  computing  techniques  enable-  nil  to  do  things  we 
.  otherwise  could  not.  They  may  be  poor  on  the  memory  side,  hut  they  have 
some  capabilities  unaided"  human  minds  do  not.  This'  is-  obviously  triie-"of 
high-speed  computers.  Hut,  let  us  look  at  a  dilferent  kind  of  example  insights 
derived  from  theory,  'fake  a  brand-new  theory  one  that  I  have  been  malign¬ 
ing  as  of  vety  limited  used ul ness—  the  theory  of  games. 

In  connection  with  rand  defense  studies  we  have  long  been  interested  in 
the  optimal  deployment  of  limited  -defenses  among  targets,  some  of  winch 
are  more. "valuable  to  defend  than  others.  Unfortunately,  we  have  found  no 
satisfactory  general  rule  for  deploying  defenses,  hut  game  theory  has  given 
us  valuable  insights  and  hints. 

Here  is  a  striking  example:  Suppose  you  have  your  defenses  deployed  its 
well  as  you  can.  Now  you  get  more  defenses.  I  low  do  you  deploy  them? 

Well,  my  intuition  told  me  (and  so  did  most  people’s)  that  you  deploy 
them  'mainly  to  piotcct  additional  targets  additional  cities,  harbors,  air  bases, 
i  le.  that  you  did  not  pieviously  have  enough  Stull  (o'  defend.- 

Game  theory  says  no.  You  use  additional  defenses  mainly  to  increase  the 
defense  ol  targets  alieady  defended  In  laei,  over  a  wide  range,  the  more  you 
Itavp,  the  n lore  you  concentrate  it. 

Infnnmcd  of  this  startling  contradiction.-  you  think  about  il  and.  begin  to 
see  t-he  rationale.  An  inetease  in  your  defensive  strength  is  equivalent  to  a 
••  d&jrCfjst  m  the  enemy's  ollci'isive  stieugth':  Hut,  as  his  sUvngjth  decreases,  tve 
lias  to  coneeid??:!"'  rocfife  and  more  on' your  most  valuable  tgigels  loi-aehieve 
anythin):  worth  while.  These.  ai.r.  tu:  rTOS.X)n,, vvjijch  you  li)etcfoie  have  to 
conmdiaK*  vom  defense.  ii  .  )) 

Intuition  alone  would  not  have  told  us  this:  at  any  iali\  ix>t  unrQuiv w-/arN 

11  t! 

ruouj'h  to  lead  one  In  aid  on  it.  «  • 
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..i!r..Stu:irl”siryrr;,Jyl  us  ask  the  question,  "Dues  anaKsis  help  mOie  in  the 
tiitt  row  context  prnbh-ifrG-C.'.fhere  it  has  commonly  been  applied  h\  scientists, 
or  in  the  hu>,id  contest  pi oliIcbYT...  which  are  the  special  piovuixe  oi  -ystenri 
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iiiuilvsl s .r‘  I  don't  know.  On  (ho.  basts  ol  results?  certainly  one  wmili  have 
to  suv  that  tiie  case  tor  analysis  in  broad  context  problem's  is  cnmpai  atively 
unproved.  However.,  let  me  suggest  one  reason,  why,  when  we  are  dealing 
with  broad  problems,  explicit  analysis  using  explicit  .models  can  be  especially 
important. 

We  trust  n  man's  intuition  iny  field  in  which  be  is  expert.  But  in  complex 
problems  of  military  force  composition  or  development,  w  v'  15  TC  f  te  a !  i  tii^  with 
a  field  so  broad  that  no  one  can  he  called  expert.  A  typical  systems  analyvs 
depends  critically  on  numerous  technological  factors  in  seveial  fields  of  tech 
nology;  on  militaiy  operations  .ami  logistics  tactois  on  both  otu  side  and  the 
enemy's;  on  broad  economic,  politictd.  and  strategic  factors;  and  on  quite 
intricate  relations  among  all  these.  No  one  is  tin  expert  in  more  than  ope  or 
two  of  the  suhlields:  no  one  is  an  expert  in  the  field  as  a.  whole  and  the 
interrelations.  So,  no  one’s  unsupported  intuitions  in  such  a  field  can  he 


trusted. 

Systems  analyses  should  he  looked  upon  not  .as  the  antithesis  oi  judgment 
but  as  a  framework  which  permits  the  judgment  of  experts  in  numerous, 
suhiieids  to  he  utiii/.ed — to  yield  results  which  transcend  any.  individual  judg¬ 
ment.  This  is  its  aim  and  opportunity. 
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Chapter  3 


THE  SELECTION  AND  USE  OF  STRATEGIC 

AIR  BASES,: 

A  CASE  HISTORY 

E.  S.  QUADE 


3.1.  ProiouuI'. 

A  ci.se  history  should  help  clarify  the  scope  and  method  of  systems  analysis. 

j!  ..  jl  t 

To  this  end,  we  have  selected,  an  outstanding  example  of  an  actual  analysis, 
one  that  had  a  .significant  impact  on  United  States  strategic  policy. 

This  systems  •’•'■arAlysis  began  in  the  spring  of  1951  as  a  rami  project 
entitled  “The  Selection  and  Use  of  Strategic  Air  Bases”.  Essentially  complete 
two  years  later,  it  was  briefed  to  the  Strategic  Air  Command  (sac)  and  to 
Headquarters,  usaf,  in  mid-1953.  The  project  leader  was  A.  Wohlstetter. 
A  full  report1  was  published  in  April  1954.  This  report, ..originally  Top  Secret, 
has  now  been  declassified  by  the  Air  Force. 

According  to  Life  (May  11,  1959,  p.  101),  the  Air  Force  estimated  that 
this  analysis  saved  the  United  States  a  hill jon  dollars.  Such  a  statement  calls 
for  two  cbmmctiis.  As  analysts,  we  are  by  nature  more  careful  than  journalists 
with  respect  to  questions  of  causation,  especially  within  an  organization  as 
complex  as  the  Air  Force.  It  is  difficult  to  say  what  causes  what.  But  it  is 
clear  that  not  long  after  the  first  preliminary  results  were  communicated  to 
the  Air  Force,  changes  that  looked  like  implementation  of  the  study  sugges¬ 
tions  began  to  lake  place  in  Air  Force  practices.  If  the  causation  is  right, 
however,  the  amount  of  money  is  far  too  modest,  including  only  the  savings 
in  overseas  construction  costs,  and  ignoring  the  savings  associated  with  the 
much  larger  systems  costs.  But  more  important  than  saving  money,  the 
changes  that  took  place  resulted  in  a  much  more  secure  strategic  capability. 

The  presentation  .here  is  not  modeled  alter  the  briefings  given  to  tlu:  Air 
Force  at  the  time,  nor  is  it  similar  to  the  summary  contained  in  the  written 
version.  Those  were  prepared  to  support  conclusions,  v.hih'  what  we  want 
here  is  an  illustration  of  methods.  Rather  than  attempt  to  abstract  the  lull 

it  ■. 

i  A.  .!.  Wohlstetter,  F.  'jv.  Holfman,  R.  J.  J.utz,  and  II.  S.  Kovven,  Selection. and1' 
U:,e  of  Strategic  Air  Unset;''  The  rand  Corporation.  R-?<Sr>,  April  l‘>M.  The  present 
chapter  contains  illustrations  and  extracts  from- the  text  of  this  report.. 


report,  we  arc  going  So  talk  about  the  study/  pointing  out  some  til  its  features 
and  sampling  some  of  its  arguments.  This  presentation  is  intended  to 

Show  how  the  problem  was  lormnlated  and  how  the  analysis  developed. 

Poiik  out  the  elements  of  analysis— the  alternatives,  the  objectives,  the 
costs,  the  criteria,  the  model — and  show  their  relationship  so  that  the 
reader  may  become  familiar  with  the  language  and  structure!  of  systems 
analysis. 

Illustrate  some  of  the  drastic  compromises  with  reality  that  arc  necessary 
in  building  a  model  of  a  complex  activity. 

Demonstrate  how,  hy  contingency  and  sensitivity  analysis,  protection 
against  uncertainty  was  attained. 


In /other  words,  this  presentation' gives  concrete  illustrations  o.f  abstract 
ideas  introduced  in  the  previous  chapter  and  discussed  in  later  chapters. 

Incidentally,  this  example  may  also  show  where  the  many  hours  necessarily 
expended  on  the  usual  system  study  go.  One  might  get  tne  false  impression 
from  our  emphasis  on  concepts  in  these  lectures  that,  if  certain  basic  principles 
arc  properly  appreciated  and  taken  into  account  by  the  analyst,  the  rest  of 
the  study  will  take  care  of  itself.  In  practice,  hc-wcvcr,  the  work  is  complicated 
and  delicate.  Before  the  analysis  itself  can  progress,  much  labor  must  be  spent 
l  in  searching.:  out  the  facts  of  the  situation.  .Since  in  most  cases  a  systems 
analysis  needs  to  be  more  than  a  guide  to  clear  thinking,  realistic  quantification 
must  be  achieved.  The  extent  of  that  quantification  depends  on  the  nature  of 
the  problem,  but  in  most  cases  the  cll’ort  required  in  this  aspect  of  the  analysis 
and  ..the  difficulties  encountered  in  determining  the  facts  are  the  great  con¬ 
sumers  of  man-hours.  The  426  pages  of  the  full  report,  plus  the  numerous 
'  references  to  supporting  papers,  give  testimony  to  the  work  required  to  carry 
out  a  large  .complex  study. 

At  the  time  the  studyjj  began,  the  Strategic  Air  Command  was  less  than 
five  years  old  and  in  a  pcliod  of  transition  amf  growth.  The  strategic  bombing 
force  consisted  of  B-29’s,  B-36’s,  »n<l  flbSO’s;  Although  a  prototype  B-47 
was  then  flying,  the  first  wing  was  not  to  be  combat  ready  until  l‘)53.  The 
B-52  was  still  iij  the  design  stage. 

The  major  danger  was  'considered  to  he  the  possibility  of  a  Soviet  attack 
on  Western  Furope.  The  general  U.S.  objective  was  deterrence  (of  suc.V  an 
attack)  based  on  onr  ''unilateral  atomic  capability.  If  deterrence  failed,  the 
sac  war  objective  was  to  destroy  the  Soviet  Union’s  industrial  ha..-  lor  waging 
conventional  war.  This  was  expected  to  require  a  Campaign  of  several  weeks. 

The  Soviet' Union’s  defense  against,  bombers  was  not  highly  regarded  hy 
many  Air  Force  officers,  particularly  in  view  of  our  own  difficulties  with 
defense.  Sac  was  recognized ;  as  a  possible  target  for  the  Soviet  Air  Force 
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nni  was  iu>i  considered  siillii  ii  r,ll\  vulnerable  to  require  special  protective 
inc.isnu-s.  The  Sox  iels  Were  known  to  have  little  long-range  Air  Force  expe¬ 
rience  and  no  air-iefueling  capability,  liven  i!  they  developed  .atomic  weapons, 
these  were  expected  lo  remain  in  short  supply  lor  a  long  lime. 

;t 

t.  fur  l’uoiu  i'M  '! 


The  analysis  slaittfd  as  the  result  of  ah  Air  Force  request  that  rani) 
i.mdei’tal-e  a  study  ot  'die  selection  of  overseas  air  liases.  For  fiscal  year  ll)52 
some  !f  t  ‘i  billion  leaf,  been  authorized  by  Congress  lor  air  base. construction, 
about  ball  of  which  was  planned  for  overseas  construction. 

I’iViinim.ii  \  sanalvsis  soon  snowed,  however,  that,  the  important  problem 
was  not  how  to  acquire,  construct,'  and  maintain  air  bases  in  foreign  countries 
but  ir/ien’  and  how  to  hose  tile  strategic  Air  /Aver  and  Mow  to  operate  this 
/(Vie  in  fion  with  the  hast'  svsieni  ehosen.  It  became  clear  that  base 

choice  could’  critically  allecf  the  composition,  destructive  power,  and  cost  of 
the  entire  strategic  force.  Thus,  it  was  not  wise  to  consider  a  decision  on 
bases  moicly  because  of  economy  in  base  cost  alone.  One  had  to  take  into 


account?  what  a  base  decision  means  'to  the  total  cost  of  the  entire  strategic 
force  how.  I'm  example,  it  affects  the  costs  of  extending  the  range  of  bombers 
which  cannot  teach  the  target  unrefuelcd,  the  routes  they  must  fly  throug.fi 
enemy  territory,  the  consequent  losses  they  may  stiller  to  the  defenses  on 
route,  and  the  difficulties  the  bases  may  have,  in  recuperation  from  attack, 
base  choice  was  also  affected  by  the  kind  and  number  of  aircraft  in  the  force. 


I  or  any  study  lo  alhvt  force  composition  except  marginally  seemed  impos¬ 
sible  since  this  is  largely  governed  by  research  and  development,  the  interna 
i ion. 1 1  situation,  and  Congress — three  areas  of  great  uncertainty.  Consequently, 
it  seemed  mote  useful  lo-  suboptimize  to  give  advice  about  basing  a  force 
that  w;ii  very  likely  to  come  into  existence  rather  Ihtjn  to  work  out  the.  ideal 
basing  system  lor  a  theoretical  Optimum  force  that-  lt;’;id  little  chance  ot  being 
bought;  lo  limit  the  problem  'therefore,  a  decision  ivvas  made  to  accept  as 
given  the  lotCes  then  pi  ogi  ammed  foi  die  IdpG  I hfijl  time  peiiod. 

n  .  i  '■ 

i,  a  j  ii 

t  t.  i  hi  nidi  mu  a  i-tai  omijmiv  ! 


flu  pio|<  et^amhil ion  was  to  suggest,  it  passible,  a  close  to  optimum  sxsltjn, 
bin.  it  tins  tinned  out  lo  be  loo  diflicLiil.  t'o  ik'.mdusli  ate  h'qw.’i significant 
impi ovements  in  die  currently  planned  system  could  lit  achieved.  :j)n>‘  ol  the 
woil.ing  iiilcs  < > i  systems  analysis  is  that .  ways ^to  improve  the  c|rj|enl  system 
and  iF  opeiaiiou  can  always  he  iouiid.  A'  pieliiliinai  y  look  mini.;!  ii  appear 
that  dll'-  ease  would  be  no  exception:  lor  example,  the  implicjjtSons  of.  the 
possibility  that  the  Soviet  Union  might  have  nuclear  weapon^.  in  quantity 
had  not  yet  been  taken  into  account  in  base  planning.  •  if 
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It  was  plain  that,  given  any  combination  of  types  of  bases  and  weapons, 
the  level  of  costs  to  destroy  a  fixed  number  of  targets  or,  given  a  fixed 
budget,  the  absolute  number  of  targets  that  might  be  killed  yvould  vary 
widely,  depending  on  how  the  uncertainties,  particularly  those  ib  objectives 
and  capabilities.  Were  resolved.  Consequently.  '! 

I' 

1.  Throughout  the  inquiry  the  study  decided  to  look  for  gros'j  < lijjcnnccs 
in  relative  cost  and  effectiveness  of  alternative  base  systems,  and  specifically 
for  differences  of  the  sort  that  have  a  chance  of  surviving!  any  likely 
resolution  of  these  uncertainties. 

2.  In  analyzing  relative  differences,  it  was  decided  to  addiess  the  question 
of  which  sysfems  had  a  clear  advantage  rather  than  the  question  of 
precisely  how  much  better  one  system  was  than  another. 

3.  The  comparisons  were  to  he  made  .with  certain  gross  uncertain! ics  i,u 
mind.  For  example,  it  was  decided  (a)  to  test  the  systems  for  a  wide 
range  of  enemy  offensive  and  defensive  capabilities;  (b)  to  take  as  one 
test  the' determination  of  which  systems  were  least  dependent  on  certain 
knowledge  of  the  level  of  enemy  capability-:  (c)  to  test  the  systems  for 
criteria  other  than  the  one  used  for  the  evaluations;  (d)  to  test  the  systems 
for  their  performances  under  a  vaiieiy  of  circumstances  involving  the 
loss  of  bases  due  to  political  reasons. 


3.4  I'm:  ai  i  i.rn.vi ivt-s 

I  lie  point  of  departure  for  the  analysis  was  the  I >a.sc -operation  system 
piogi'ainmeil  at  the  time  of  the  study  for  |03(i.  In  this  system,  all  I  lie-  medium 
bombers,  which  innde  up  the  major  fraction  ol  the  force,  and  sortie  jib'avy 
bombers  were  based  in  the  United  States  in  time  of.  peace  but  moved  overseas 
and.  operated  from  there  in'?  lime  of  war.  Other  heavy  bombers  remained 
"bust'd  iu  '.'•filed  States  :<‘t er  war  started  and  used  overseas  areas  for 

staging  only.  '  J 

The  other  systems  compared  lull  into  four  broad  groups  (see  lug.  i.  4  l: 
I  bombers  based  on  advanced  overseas  operating  bases  in  wartime, 

2.  bombers  based  on  •intc-rnieiliale  oveiseas  operating  bases  in  wartime. 


I:  -  This  is  different  front  the  pieeeijing  point,  which  icfers  to  tests  in  which 
U.S.  losses  on- the  gmiimjl  and  inithe  air  range,  from  high  to  low  figures  because 
of  difleruil  assumption:;  ' about  enemy  capability,  "nut  it  is  assumed  that  these 
capabilities  are  correctly  (afilicipatcd.  This  sccoiuj  variety  of- tost  .investigates  the 
consequences  for  different  strategic  systems  of  having  assumed'.!  one  level  of  luss 
when  in  fact  another  is  experienced.  ,  \  j 


3.  U.S.-based  bombers  operating  intercnnlinenrally  with  the  aid  of  air- 
refueling,  and 

4-  U.S.-based  bombers  operating  intercontinentally  with  the  help  of  giuimd- 
refueling  at  overseas  staging  areas. 

Several  factors  should  be  observed.  First,  all  the  1956-1961  systems 
analyzed,  not  just  tire  exclusively  air-refueled  intercontinental  case,  involved 
tinkers  as  a  regular  part  of  their  operation,  as  well  as  in  contingencies.  (In 
linos t  cases,  the  tankers  were  based  in  the  same  location  as  the  bombers, 
hut  other  variants  were  studied.)  Second, '  -all  the  systems,  not  just  the  inter¬ 
continental  ones,  involved  Zone  of  the  Interior  (zi)  bases  in  time  of  peace. 
Third,  all  these  systems  were  mixtures  involving  many  elements. 

The  system  using  advanced  overseas  operating  bases  resembled  the  method 
formerly  planned  for  the  heavies  (and  later,  in  1.154,  programmed  for  a 
larger  part  of  the  strategic  force).  The  formerly  programmed  system,  then, 
involved  elements  of  most  of  these-  types:  (ankers,  staging  areas,  and  operating 
bases  both  in  the  United  Statdh  and  oversells.  Increasing  Russian  capability 
compelled  examination  of  the  methods  and  elements  used  jointly  in  the 
former  program  in  order  to  detect  the  vulnerable  components  and  to  extend 
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Fig.  3.1  Types  of  bijj.se  systems 


2') 


I.  3  I  SlltAllOU  AIK  IIASIS 

the  most  ellective.  the  various  systems  were  therefore  evaluated  in  the 
context  of  a  two-sided  atomic  war' in  which  the  enemy  attacks  sac  while  ii 
is  performing  its  mission. 

3.5.  Tim  nun.  Vo  i-aciors 

Gross  analysis  indicated  that  the  lour  critical  distances  (sec  Fig.  3.  2) 
related  to  the  base  selection  problem  were  from  the  proposed  bases  to  (l) 
the  targets,  (2)  the  favorable  entry  points  into  enemy  defenses,  (3)  the  source 
of  base  supply,  and  (4)  the  points  fiom  which  tire  enemy  could  attack  these 
bases. 


Tire  analysis  thus  was  concerned  with  the  joint  effects  ol  these  respective 
factors  on  the  costs  ol  extending  bomber,  radius;  on  how  the  enemy  might 
deploy  his  defenses,  ami  the  numbers  of  our  bombers  lost  to  these  defenses; 
on  logistics  costs,  and  on  base  vulnerability  and  our  probable  loss  of  bombers 
on  the  ground.  The  systems  costs  which  are  functions  of  these  critical-  distances 
were  called  location  costs  to  distinguish  them  fiom  the  locality  costs  inherent 
in  a  specific  site,  which  tire  not  functions  of  the  critical  distances,  but  which 
arc  traceable  to  local  phenomena  such  as  climate.  Under  this  latter  head  may 
be  considered,  variations  in  (I)  the  operations  cost  iraeeabU/  to  weather;  (2) 
construction  costs  depending  on  climate,. ..terrain,  existence  of  a  local  construe-, 
tion  industry  and  the  availability  of  local  construction  materials,  and  Ihe 
presence  of  existing  base  facilities;  (3)  supply  costs  affected  'by  local  terminal, 
facilities  tor  transportation  and  by  the  possibility  of  offshore' pi  ocurcmcnt 
and  local  sources;  and  (4)  defense  costs  alfcctcd  by  terrain  and  ^existing 
defenses  such  as  the  U.S.  and  British  air  defense  systems. 
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Fig.  3.2  Critical  base  relationships 
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Although'  loia'ily  cost  ilillcicncvs  might  have  hern  substantial  (the  study 
made  a  thorough  investigation  of  the  added  costs  .of'  basing  aircraft  in  the 
Arctic!,  they  were  not  amenable  In  presentation  in  functional  form,  in  addi¬ 
tion,  the  (our  critical  base  / * x v/ / u >/i  fiu'ior.s  preseniod  a  dilemma.  considera¬ 
tions  o!  polities  (domestic  as  we!!  as  international),  logistics,  and  base  vul¬ 
nerability  .suggested  pulling  our  liases-  back  to  extreme  . distances  from  the 
Soviet  Union.  Ihe  high  cost  of  range  extension  and  'the  contributions  that  a 
tlexihle  High!  path  eonid  make  to  bomber  survival  argued  for  basing  close 
to  tlve  targets,  For  these  reasons,  the  sludv  began  by  atleiiipting  to  aual)ze 
quantitatively  [lie  extent  to  which  variations  in  the  critical  location  distances 
allcctcil  systems  cost  and  elfceiiveness  foi  each  of  the.. four  alternative  basing 
systems.  The  results  of  (his  analysis  were  then  applied  to  the  specific  geometry 
ol  targets  and  alternative  base  areas,  taking  locality  costs  into  account." 
Although  it  wits  recognized  that  base  availability  ''should  be  related  to  the 
type  of  bomber,  performing  a  given  mission,  in  recognition  of  the.  need  for 
limiting  the  analysis  no  investigation  of  bomber  'choice  was  made.  The 
bombers  programmed  for  195b  were  accepted;  the  base  systems  and  strategy 
of  employment  were  investigated. 

Preliminary  investigations  indicated  .that  the  last  alternative  listed  { IJidS . 
operating  bases  for  the  strike  force  with  overseas  refueling  to  extend  the 
lange)  would  turn  out  to  he  (lie  preferred  system.  Consequently,  the  analysis 
begun  to  lake'  on  an  almost  a  fortiori  approach.  That  is,  a  deliberate  lilorl 
was  made  in  Ihe  .comparisons  not  to  make  assumptions  or  estimates  that 
would  “help”  this  particular  system 

I 
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Distances  from  farthest  forward  overseas  bases  to  Russian  targets  ranged. 
from  d()()  In  l.M]0  n  mi.  From  the  major  overseas  bases  programmed,  the 
targets  were  anywhere  from’  X00  In  .’(>(!(!  n  mi  away.  I  rom  the  zi.  if  lollies 
calculated  to  hold 'down  our  losses  to  enemy  defenses  wen  followed.  distances 
to  targets  were  from  VMM)  to  well  over  (it MX)  n  mi. 

The  study  first  investigated  bv  a  series  of  generalized  bomber  studies  Imw 
Iflie  .co->l  to  buy  and  operate  die  bombing,  force  'depended  mi  lire  bpmb  eariiei, 
on  the  radius  oi  operation,  'land  on  the  method  ol  ladius  extension  chosen. 

The  cost,  to  buy  and  operate  bombers  big  enough  to  rearh  targets  without 
rejucliua  was  found  to  increase  at  an  accclcialcd  talc  with  diMiaiees  from 
base  to  target.  The  exact  rate  of  increase,  in  any  given  stale  of'  the  ait  of 
aircraft  design,  depends  on  siu.ii  factors  as  powerpiant  type,  payload,  cruise 
and  over-target  speed,  altitude,  etc...  It  is  greater  f  or  lurhojets  than  for  lur- 
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boprops:  and  greater  at  higlier  speeds  and  extreme  iiow  nr  bigli)  altitudes, 
lo  have’/ built  an  intercontinental  railug!  ,  eapabiliiv  min  a .  bomhci  o!  the 
H-47  t\  pe  would  have  made  it  enormous  in 'size,  costly,  and  vulnerable.  In 
fact,  the  lieax  v  bombeis  roiiiihiv  cniiieiupoi:n  v  \vilh  the  B  17.  ior  ex.ampic. 
displayed  larger  dilVerenees  in  cost  than  in  radius  capnhilitx  ami  could  not 
reach  the  whole  of  a  Russian  iaigei  sydem  at  intercontinental  radius,  in 
lig.  d  i.  which  dlustrates  (his  point,  "the  system  cos:  ami  laditis .  ol  bomber 
types  approximately  similar  to  the  H  *7  it:  performance  anil  design  dale  air 
represented  hy  points  in  the  shaded  region. 

I  he  Costs,  shown  in  big.  d.  ,b  of  purchasing  and  operaline  bombers  m 
peacetime  are  preparedness  costs  that  do  not  take  attrition  into  account.-  It 
we  lake  into  account  ihc  losses  of  bombeis  to  enemy  aiea  and  local  •jiefenses. 
the  combat  radius  for  which  the  l.omher  was  designed  also  has  a  diicei 
ell  eel  As  thv-  ilesign  combat  radius  ol  a  siugli  ■  slagi  homhei  r,  i ne i  -i  I .  it-, 
weight  (and  plan.  projected  area)  also  increases.  As  a  consequence,  its  o\pei_  mil 
eombiit  losses  ;;t  a  lixed  speed  and  altitude  and  to  a  wide  langc  ol  enemy 
de) en.se  weapons  also  increase"-.  Ibis  growth  in  vulnei ability  cnm’iimuls  the 
cost  increases  resulting  directly  from  increases  in  weight  and  radius. 

An  examination  of  the  next  gem-ration  ol  eheimea!  hoinhing  svsleins  showed 
that  the  strong  irdlllence  ol  eOmhai  radius  on  system  cost  was  not  hi'-m  Ix 
lemporiiny.  Supersonic  and  low  altitude  capabilities  might  he  sought  m  meei 
expeeled '  improvl-iitenl  in  eneinv  defense.  I  In-  normal  advances  i , ■  ilie  -.1  ne 
ol  the  art- -would  peimil  nnpiovemenl  in  pel  I'oruiam eliaiaelei  i-.lit bn  mis¬ 
given  weight  and  cost:  hut  these,  in  turn,  would  tend  lo  be  nils.-i  in.  ihc 
performance  slemands  imposed  bv  implored  ileiense  cipahijiiu  s  ..pen  m  a 
rational  enemy.  1  lip  resulting  cost  veisus  ladius  emves  would  Ibeu  loie  show 
no  subslaul ia!  improvcmenl..  (The  emve  lor  uiperionic  bomhci  ,  in  I  in  t 

■  "  'Itiis  does  not  imply  dial  a  large  bomber  must  ncccssaiily  have,  larger  eonibai 
losses  than  a  smaller  one.  but  merely  d.-sei  ibes  die  elTecl  of  i/nrem/iie  mi/ibm 
radius  on  costs  and  penetration  eMcUivcncss.  I  be  sindv  ditl  not  compare  large  and 
small,  bombeis  for  a  mission  with  a  given  isilius.  Il  look  die  speed,  nllilude.  and 
payload  as  lixed.  This  melui'leiT-the.  .payloads  ol  decoys  anil  I ,(  M  A  lai.v  bombei 
used  ai  die  same  range  as  a.  smaller  one  might  b.-nell'l  In  penel i  atini'  defenses  w 
several  ways:  (al  In'  ranying  a  largei  path  .as!  of  <  oiinlci  mea  ,m  e-..  (b'j  b\  le.i.m 
die  ext i  a  fuel  volume  to  the  mission  piolile  loi  example,  bv  fil  ing  ai 

extreme  low  or  extreme  high  altitudes;  te)  Ivy -using  grealei-  pviieii  alien ,  sjtteed-..  or 
(d)  by  Using  more  devious  routes  through  bixiirnhie  points  ol  cniiv'  (i^  eiiemv 
defenses.  In  fuel,  a  good  deal  ol  the  i.liidx  was  drvolrd  to  jhnwiic  li'.c  .Isaiah!', 
that  mi^lht  tllns  be  oblameil.  loi  example  die  II  aj-\  miv.iiin  'piolile  wa*.  c.niiliiii'il. 
assuming  pre-.UiKe,  an -ic-tiiHing,  and  was  compared  Willi  the  It  SJA  using  posl- 
strike  ground-refueling  and  higliei  bomber  altitudes.  One  of  the  .biases  deiibcialeb 
iiitroilueed  in  favor  of  die  air  refueled  sysirms  .wins  ihc  assumption.  Contrary  to  fact, 
that- they  had  e.jiiid  tlcxihilily  in  ehoide  o,f  mission  piolile  with  Ihc  ground  letneled 
systems. 
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Fig.  3.3  Cost  versus  combat  radius  j 

illustrates  this  point.)  !f  anything,  conih.1t  radius  would  he  more  rather  than 
less  critical  for  some  time  to  come. 

.Examination  of  nuclear-powered  bombers  and  surface-to-surface  missiles 
indicated  that  expected  developments  in  these  fields  were  not  likely  to  alter 
this  conclusion  for  the  nc.xt  decade. 

As  a  result  of  this  investigation,  the  project  concluded  that  for  the  period 
ilnough  1961,  and  possibly  for  some  time  thereafter,  no  bomber  was  likely 
to  lie  capable  of  operating  at  full  intercontinental  radius  without  any  refueling 
wbalsoi-vcr.  To  hit  a  deep  Russian  target  system  we  needed  either  to  operate 
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(loin  overseas  bases  or  to  use  {lie  assistance  of  some  lorm  of  ref  ueim'Jt  if 
we  operated  from  the  xi. 

In  air  rclueled  multistage  bombing  systems,  a  bomber  of’  fixed  iinrefueled 
radius  is  assisted  to  the  target  by  tankers.  This  avoids  the  need  for  bigger, 
more  easily  intercepted,  and  more  costly  bombers.  Rut  the  effects  of  radius 
o\v  system  weight  or  cost  (including  the  weight  .or  cost  of  the  tanker  as  well 
as  that  of  the  bomber)  are  nonetheless  very  marked.  Costs  ineiease  in  steps 
(see  Fig.  3.  4)  corresponding  to  points  at  which  additional  tankers  are  required. 
As  combat  radius  is  extended,  the  increments  obtained  by  the  use  of  additional 
tankers  become  smaller  and.  allowing  for  insurance  against  the  uncertainties 
of  multiple  refueling,  the  increases  in  cost  fui  y  given  increment  of  radius 
become  sleeper.  Tor  a  tanker-refueled  15-47  system,  at  3600,  4200,  and  3  200 
n  mi,  costs  are  re.speel  ively  three,  five,  and  ten  times  lhe  cost  at  an  tin  refueled 
radius  of;  1730  n  mi4. 

One  way  to  keep  operating  bases  (ami  so,  parked  bombers--  the  most 
vulnerable  and  .valuable  system  element)  away  from  enCiny  striking  powei 
is  to  extend  bomber  radius  by  a  system  of  refueling  bases.  The  radius  exten¬ 
sion  such  a  system  provides  costs  much  less  than  a  tanker  system,  Aside  from 
the  costs  of  defense  and  expected  daihiage,  buying,  equipping,  and  supporting 
a  refueling  base  with  modern  landing,  takcoll.  and  high-speed  fueling  facilities 
add  approximalely  13  per  cent  to  the  three-year  cost  of  buying  and  operating 
a  wing  of  15  <17  aircraft  in  the  United  States. 

figure  3.  A,  which  shows  the  increase  in  bomber  costs  with  extension  of 
radius,  includes  support  costs  incurred  for  i'ne  peak  fqrce  sortied.  When  the 
costs  of  radius  extension  are  very  high  (for  example,  it)  the  air  refueled  U.S.- 
hasod  15-47  system),  the  portion  of  the  total  system  cost  devoted  to  tanker 
procurement  and  operation  can  he  reduced  by  sending  fewer  than  the  max 
inium  number  .of  available  bombers  on  each  strike.  The  smaller  sortied  force 
means  slower  initial,  rate  of  destruction  of  enemy  targets.  It  also  mcaiis  more 
aircraft  losses  to  area  defenses  per  target  destroyed;  but  the  smaller  operating 
force  will.  If  we  consider  cost  alone,  save  more  than  this  amount  in  tankers 
for  a  system  with  high  tanker  requirements. 

■I  Tlii-sr.  .specific  figures  neglect  possible  exira  cosis  fiom  bomber  or  tanker 
attrition  and  aborts,  which  were  considered,  at  the  time  the  study  was  made,  likely 
to  be  associated  with  rendezvous  problems  in  multiple  refuel injis.  I.  such  attrition 
were  to  occur,  it  would  increase  the  preferences  shown  by  the  study.  In  fact,  the 
multiple  refuelings  considered  in  the  "study  oiler  more  severe  tests -of  -tii  -1  efiiellug 
than  any  that  have  been  substantiated  in  subsequent  peacetime  history.  For  example, 
they  include,  not  merely  several  refuelings  but  post-strike,  ait -refuelings,  when, 
rendezvous  is-indend  a  question,  and  multiple  i duelings  of  jets  by  propeller-driven 
tankers  with  about  half  their  speed),  under  conditions  of  wartime  near  simultaneous 
scramble.  ::  l 
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t  ampaign  calculations  were  carried  out  using  an  c.xpected-val nr  modeF 
to  compare  air-  versus  ground-refueling.  The  criterion-1  used  for  comparison 
was  the  minimum  incremental  cost  to  bring  the  force  up  to  a  given  capability 
and  niiainlain  that  capability  for  a  certain  period.  The  capability,  the  period, 
and  the  type  of  campaign  were  varied. 

The  cost  of  a  summer  campaign11  to  destroy  NO  per  cent  el  a  Russian 
industrial-target  complex  using  an  ait  iduded  system  turned  out  to  he  more 
tlthn  three  times  that  for  a  ground-refueled,  system  {see  Fig.  T  b).  I  fiesc 
costs  lpok  into  account  the  detailed  geography  of  bases,  identifiable  nu¬ 
rd  tiding  points,  specific  staging  areas,  points  uf  entry  into  enemy  defense, 
and  paths  to  targets.  Ini  (  these  calculations  Russian  area  defenses  were, 
assumed' to  he  distributed  evenly  over  the  area  ot  their  ground  control  intercept 
(uri)  net, work  coverage,  and  slrike  paths  were  telafiveiy  direct  to  minimi/.e 
the  numher  of  tankers  per  bomber  in  the  striking  force.  (As  shown  later,  hotit. 
their  defense  and  mu  offense  tactics  can  he  improved  decidedly  by  assuming 
fjiat  adaptions  to  match  our  base  system  are  made.)  The  bombing  systems 
compared  used  identical  airplane;  and  operating  bases  in  the  United  States, 
but  aircraft  radii  were  extended  in  one  ease  by  air -refueling  and  in  the  other 
case  by  ground-1  d  uel  ing  Tim  umnml-rd  tided  svstem  used  all  available;; 
bombers  on  each-  slrike  1  lie  air-refueled  system  followed  the  plan  fit  with¬ 
holding  bombers,  which  was  less  expensive  but  which  also  imposed  some' 
inflexibility  aj:  to  rate  and  si/e  ol  strike  ami  proportion  ul  the  target  system 
attacked.  Nrii  allowance  was  made  for  possible  homlu-r  attrition  connected 
with  multiple  refuelings.  I  lie  calculations  also  showed  tint 

I.  The  radius-extension  costs  loi  iho  air-refueled  system  were  about  six 
times  those  of  the  ground  rciueled  system. 

o  limit  radius-extension  costs  even  to  this  high  level,  the  ;n  r-rd tided 
system  involved  a  ciyisidcr able*  sacrifice  in  extra  bombers  lost  talipot  30 
pel  cent  of  the  va'llil  ol  bombers  in  the  groiind-rcftideil  force). 

DilTciences  ol  such  large  magnitudes  oecm  red  in  spite  of  ihe  lad  iiiai 

r>  In  many  ways  simihu  to  the  model  ol  Appendix  It 

"  Ihe  task  ol  destroying  Russian  sliaiegie  tnigcls  in  a  siiiuinej  oiicinlioii  was 
Jotriid  to  be  much  more  ditlieult  and  several  timo«  mole  cost  I  v,  in  hnilais  and  in 
crew  losses,  than  in  wimci.  A  inlec  pioportion  o!  Ilm  large!  stems  is  then  in 
daylight  adequate  for  the  operation  of  day  fighters.  Moi cover,  the  linn:  o!  outbreak  (- 
jiiay  very  well  be  deiided ,  by  the  enemy,  and  he  Jins  a  comparative  advantage  in 
choosing  the  summer.  Strategic  laigets  in  the  k'.micd  Slates  are  in  much  aioie 
southerly  latitude.';,  making  Russian  night  attacks  feasible  in  summer  as  well  as 
in  winter.  Because  the  decision  to  attack  is  very  likely  to  he  die  ei'Jcniy  s,  ihe  most 
uofavoi  able  .-.ea  .oii  foi  Ihe  campaign  fmni  our  standpoint.  inaV  also  he  the  most 
probable.  Since  the  force  must  lie  ready  at  all  times,  it  was  important  n«  base  tin 
principal  cost  calculations  on  {lie  worst  (Irom  the  standpoint  ol  the  cnniiy  the  best) 
contingency.  Winiei  campaigns  weie  also  calculated. 
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much  of  the  bombing  system  (ihe  bomber  type  and  ilie  U.S.  primaiy  bases) 
was  fixed  in  the  eomparison. 

Ten  wings  of  penetration  fighters  were  piogrammed  for  i‘!S(,  Whether 
they  were  used  as  bombers,  as  escort  fighters,  or  as  decoys,  their  strategic  use 
appeared  practicable  only  front  an  advanced,  primary -base  system  or  from  a 
more  distant  primary-base  system  with  overseas  ground -refueling  facilities.  The 
preference  for  ground-refueling  over  air-refueling  would  he  greatly  increased 
by  taking  these  components  of  the  programmed  lorcy  info  account. 
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Fig.  4.7  (  lists"  of  inlcicoMlim  iii.il  air  ;iikJ  ground  refueled  -147'  campaigns 

il 

Sole  consideration  of  flic  effects  of  increasing  the  flight  radius  to  enemy 
targets  indicated  the  desirability  of  operating  from  bases  which  were  as  close 
as  possible  to  these  targets.  A  decision  also  had  to  fake  into  account  the 
effects  of  distance  from  logistic  support  in  the  United  States  and  of  nearness 
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to  the  source  (if  enemy  striking  power.  However,  although  these  ellects 
dictated  operation  at  great  distances  from  enemy  targets,  the  analysis  so  f|Jr 
had  suggested  that  it  was  especially  expensive  to  store  fuel  far  from  targets 
and  to  air-transport  it  for  transfer  to  the  bomber. 

Aside  from  the  onintst  in  campaign  cosis,  the  systems  exhibited  differences  ; 
in  crew  losses',  fissile-material  requirements,  rate  of  destruction,  and  number 
of  strikes.  The  air-aefueled  system  involved  a  slower  rate  of  destruction  and 
a  larger  number  of  strikes.  For  this  reason,  cumulative  round-trip  attrition 
would  he  greater.  And  since  inbound  attrition  for  the  air-refueled  system 
exceeded  that  of  the  ground-refueled  system,-  the  number  of  bomb  carriers, 
as.wcil  as  ihe  immlici  ui  eseoi  is,  allot  down  tin  ihen  way  to  the  iaigei  would 
also  be  larger.  The  fissile-material  requirements  at  the  point  of  bomb  release 
were  identical.  Therefore,  the  fissile-material  usage  for  the  campaign  as  a 
whole,  including  the  fissile  material  shot  down  by  lighters,  was  greater  lot  the 
air-refueled  case.  ’  v 

The  assumptions  underlying  the  preceding  campaign'  calculations  favored 
the  ground-refueled  system  in  two  respects: 

1.  The  exclusion  of  the  costs  of  base  damage  and  the  costs  of  base  defense, 

2.  Neglect  of  costs  associated  with  the  political  vulnerability  of  the  refueling 
base  system. 

In  later  campaign  analyses,  every  attempt  was  made  to  remove  these  biases 
since,  al  this  stage,  there  we.":1  definite  indications  that  the  ground-refueled 
systems  were  to  be  preferred. 

Other  assumptions  favored  the  air-refueled  system.  For  example,  Ihe  cllecls 
of  the  following  were  not  taken  into  account  in  computing  the  costs: 

1.  Possible  attrition  or  aborts  due  to  Ihe  need  for  a  fucling-rendcv.vou.s. 

2.  The  inflexibility  .of  the  air  refueled  system’s  even-strike  policy  in  the  face 
of  variance  from  mean  attrition  values  or  unanticipated  large  differences 
in  the  mean  attrition  values  themselves. 

1.  The  necessities  for  formation  flight. 

A  numbcii.  of  sensitivity  tests  were  made  at  this  point  in  the  study,  these 
included,  for  example,  the  elfect  of  (Ij  the  icquiienient  that  repeated  target 
visits  he  ififide ;  (2)  imposing  a  high  crew  survival-probability  constraint;  (3)  a 
len-to-one  variation  in  anticipated  air  losses;  and  (4)  changes  in  the  ratio  ol 
area- to-local -defense  losses.  , 

In  substance,  the  analysis  of  the  basc-to-target  factor  indicated  that,  insular 
as  the  effects  of  increasing  target  radius  were  concerned,  radius  extension  costs 
increased  very  sharply  if  all  ground-base  functions  we  re  removed  to  extreme 
distances  from  targets;!-. and,  by  comparison,  they  increased  quite  moderately' 
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if  only  the  functions  associated  with  the  storage  and  transfer  of  fuel  were 
removed.  It  was  also  shown  that,  al  moderate  combat  radii  (considerably  less 
than  intercontinental  combat  radii),  the  costs  of  air-refueling  were  moderate 
ami  did  not  increase  too  sharply  with  small  increases  in  distance. 

These  effects  were  reflected  in  campaign  costs.  Campaigns  were  examined 
for  very  wide  ranges  oi  parameters,  and  the  results  were  shown  to  be  insensi¬ 
tive  to  such  variations.  However,  so  far  the  study  had  not  analyzed  the  co.irs 
of  defending  the  overseas  refueling  function.  And  it  had  not  considered  t()e 
logistics  costs  and  defense  requirements  of  leaving  all  operating-base  functions 
forward,  or  in  some  intermediate  overseas  position.  Before  considering  these 
iuatters,  it  dealt  with  the  question  of  the  relation  of  the  base  systems  to  the 

choice  of  alternative  oaths  through  enemv  defenses. 

!  ' 

3.8.  Tim,  DltfrANgii  i  kom  bass,  to  entry  points: 
till-  COST  OP  PENETRATING  TUP.  DEFENSE 

The  study  investigated  the  effect  of  base  location  on  the  angle  of  approach 
to  targets,  the  distance  of  penetration  through  enemy  defenses,  and  the  hours 
of  daylight  and  darkness  over  these  penetration  paths.  Base  location  con¬ 
siderations  were  shown  to  affect  onr  choice  of  the  route  to  the  target  arm 
the  enemy’s  choice  of  defense  deployment. 

Preliminaiy  investigation  indicated  that  the  distance  traveled  over  enemy 
defenses,  and  thus  the  number  of  bombers  lost  to  enemy  fighters,  would  be 
reduced  by  doglegging,  that  is,  by  varying  the  flight  path  from  the  great 
circle  route  to  avoid  concentrations  of  the  enemy  defense  (sec  Fig.  3.  6). 


Fig.  3.6  Routes  lor  intercontinental  air-refueled  strikes 
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Three  kinds  of  penetration  routes  were  distinguished, 

1,  Relatively  direct 1  routes  to  minimize  the  number  of  tankers  necessary  lor 
each  bomber  in  a  strike.  ■,  „ 

l 

2..  Routes  to, minimize  penetration  distances  and  thus  reduce  attrition  inflicted 

hv  area  defenses,  (fighters).  .; 

°  ■  ■! 

.1.  Routes  to  take  greater  advantage  of  darkness7  to  reduce  losses  to  fighters. 

Preliminary  investigations  showed  that,  while  reduction  in  losses  due  to 
lighters  was  significantly  reduced  by  penetration  in  darkness,  route  s  chosen 
primarily  by  that  criterion  would  nor  b.  optimal.  , 

The  study,  therefore,  compared  systems  using  routes  I  hat  minimized  distance! 
down  through  enemy  defenses  with  systems  using  direct  paths  that  minimized 
tankers  per  bomber  sortied.  in  both  eases,,  strong  el-forts  were  made  .to  utilize 
routes  that'  penetrated  in  darkness.  For  air-refueled  U.*S.  based  ll-47's  in  a 
mult istr ik.t*  summer  campaign  to  kill  SO  per  cent  of  the  Russian  industrial- 
target  system  selected,  this  comparison  revealed  a  significant  preference  for 
minimum-penetration  mules.  "I  he  system  Hying  minimum  penetration  paths 
lost  fewer  bombers  to  enemy  lighter  defenses,  therefore  reducing  the  size  of 
the  loice  needed  to  ensure  an  acceptable  crew-survival  probability.  Finally, 
although  the  system  had  more  tankers  per  bomber,  it  bad  fewer  tankers  in 
total,  reducing  even  the  radius-extension  costs  for  Use  campaign. 

Base  systems  that  permitted  entry  from  the  south  could  take  advantage  of 
the  cover  of  darkness  with  little  or  no  extra  extension  of  radius.  Since  the 
ground-refueled  U.S.-based  system  had  many  staging  areas  to  the  south, 
its  short  mule  system  was  largely  protected  by  darkness  and  was  thus  one 
that  nearly  minimized  attrition.  bombers  Us  ing  direct  routes  in  summer  would 
stiller  no.,  more  attrition  than  bombers  (lying;  minimum-penetration  doglegs 
without  thy  a.dvaiyii;.ge.,of  darkness. 

The  study  then  turned  to  performing  operations  analysis  for  the  enemy, 
a  step  necessary  in  any  analysis  that  takes  into  account"  possible  countering 
actions  on  the  part  of  the  enemy.  -  5' 

Analysis  indicated  that  the  enemy,  in  turn,  might  improve  bis  defense  by 
matching  our  offense  capability.  Against  systems  Hying  the  shortest  routes 
from  the" ITS.  operating  bases,  he  might,-,  concentrate  lighter  defenses  in  the 
north  (see  Fig.  TV)  Systems  using  perijiiiei «i  operating  or  ground-refueling 

7  Af  the  tittle  of  the  study,  darkness  had  a  derided  i-llVet  since  (it  even  by 
175b  the  IJ.S.S.R.  was  expected  io  have  a  much  larger  iiikiiIut  of  day  than  night 
tiglileis;  (2)  only  a  few  day  figlileis  Would  be  usable  at  nigh!  for  example,  bv 
employing  the  buddy  system  of  day.  fighters  led  by  night  fighters:  and  (31  the 
individual  effectiveness  ol  Russian  night  interceptors  was  expected  to  lie  much  less 
tha.l  that  of  their  interceptors  in  daylight.  ■ 
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liases  would  compel  a  more  even  dispersal  ol  enemy  defenses,  as  shown  in 
l  ig.  3.0. 

Campaign  results  as  presented  in  big.  3.‘)  indicated  that  if  the  enemy  could 
concentrate  day  fighters 'in  the  north,  taking  account  of  the  greater  density 
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i.  3  7  Russian  lighter  deployment  against  direct  intercontinental  air  strikes 
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l  ig.  3.8  Russian  lighter  deployment  against  strikes  from  overseas  bases 
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of  targets  in  the  west,  he  eonhl  do  belter  than  when  he  distributed  tighter 
defenses  uniformly.  ' 

the  Russian  area  defenses  so  leuiieuted  were  found  to  exact  a  higher 
attrition  against  all  bombing  systems,  but  in  particular  against  "one-sided" 
base  systems:  the  exclusively  air-refueled  intercontinental  systems  or  a  Western 
Hemisphere  system.  Russian- defenses  further  improved  by  specilie  tailoring  to 
meet  each  of  our  base  systems  could  do  still  belter,  especially  against  a  one¬ 
sided  system  with  relatively  concentrated  avenues  of  approach  to  the  targets. 
Limitation  in  the  number  of  night  fighters  available  would  make  it  difficult 
for  the  Russians  to  improve  their  fighter  deployment  very  much  against  attack 
Irotn  peripheral  overseas  bases  (operating  or  refuciing). 
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Fig.  3.9  Cost  of  H-47  campaigns  against  a  uniform  anil  concentrated  area  defense 

'I 

The  use  of  optima!  routes  and  profiles  was  found  ..to,  requite  increases  in 
I'adius-extension  capabilities,-  giving  additional  advantages  to  systems  that  Could 
achieve  them  cheaply.  Furthermore,  pet  iplteud 'base  systems,  unlike  one-sided 
systems,  permitted,  in  I  he  stunt  run,  the  exploitation  of  the  enemy's  soft  spots; 
in  tiie  long  run,  they  forced  a  dilution  of  his  defenses... 
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The  implications  of  the  analysis  thus  far  mas  be  stated  as  follows.  I  lls!, 
it  was  important  to  develop  a  rounded  capability  for  many  sided  attack  against 
the  enemy  targei  system.  By  doing  this  we  would  force  him  to  spread  his 
defenses.  This  .did  not  mean  that  on  any  one  strike  we  actually  needed  io  use 
a  multiplicity  of  penetration  paths  starting  from  many  sides.  Having  forcer! 
the  dilution  of  his  defense,  we  could  concentrate  on  some  portion  of  the 
target  system  and  some  lew  penetration  paths  to  get  the  benefit  of  saturation. 
Out  the  development  of  a  rounded  capability  was  a  condition  lor  concentra¬ 
tion  ni  its- use.  Second,  the  inferior, iiy  or  tiic  e.vhusiveiv  aii -refueled  inior- 
coniinental  system,  which  was  evidenced-  hv  the  cos!  and  effectiveness  versus 
radius  studies,  was  roinlorceit  by  an  examination  of  ihe  iniiexibiiuy  ibis  .system 
imposed  on  the  olTense.  T  he  exclusively  air-refueled  system  was  less  I  roe  than 
a  peripheral  overseas  system  in  its  choice  of  route,  speed,  and  altitude  of 
penetration.  II  permit  toil  coi  responding  'concentration  on  the  pari  of  il‘v 
defense.  On  the  other 'hand,  the  analysis,  up  In  this  point’!  while  i!  had 
dissected  Ihe  high  costs  of  operating  without  an  overseas  base  system,  had 
not  yet  dealt  explicitly  with  the  logistics  costs  of  operating  with- an  overseas 
system.  And,  most  impoiiaiit,  it  had  not  taken  explicit  account  of  the  cash 
of  defense  and  expected  damage  associated  with  the  vulnerability  of  overseas 
bases, 

3.c) ..'  The  distance  from  hash:  to  n: 

iiu-  rose  or  on  ka  i  ions  oimsidi'  ini',  iinituo  siaii-.s 

'  A  detailed  investigation  of  all  the  factors  involved  indicated  that  the  peace 
time  cost  of  buying  and  maintaining  a  wing  ol  bombers  in  the  United  Slides 
must  be  increased  by  over  SO  per  eept-to  cover  the  additional  cost  ol  operation 
from  primary  bases  overseas.  This  extra  cost  was  incurred  for  additional  bases, 
theater  support,  and  aii  lift.  However,  the  differences  among  .overseas  base 
systems  were  not  found  to  increase  substantially  with  supply  distances  ip 
peacetime.  I  ransportationi  travel,  ami  stock -level  costs  weic  only  moderately 
affected  by  increasing  distance,  even  when  iliese  distances -varied  up  to  10,0(10 
surface  miles,  {Locality  considerations,  on  the,  other  hand. 'as  distinct  I  mm 
location  considerations,  did  entail  substantial  extra  costs  lor  peacetime  resupply 
in  the  Arctic.)  lixeept.  for  Ihe  case  of  .1  system  using  rehiiHinp  bases.  Ihe 
extra  costs  involved-  in  wartime  resupply  ami  pipeline  aljlriUon  wcie  mil 
investigated  in  detail,  boi  a  refueling  base,  the  picstm  king,  oi  ii.n:i  ni  mndcrde 
cost  was  shown  In  free  the  Irase  fioni  the  problem  ol  losses  in  surlacc  li  anspoil 
during  the  early  months  of  a  war.  To  free  an  operating  base  overseas  from 
such  problems,  li  consMia  able  c|liautiU  ol  aii.  Li ;ti ■  ,pwi‘S  would  h.'ivc  to  I’-- 
purchased. 

While,  in  any  case,  there  aie  extia  costs  lor  operating  lacil.'lics.  airlitl. 
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st>  ol  malefic!.  (Me.,  involved  in  adding  an  overseas  component  to  a 
bo"  ■  ig  system,  it  was  shown  to  be  much  cheaper  to  add  refueling  facilities 
than  operating  facilities,  even  il  vulnerability  consider auui.:,  wen;  neglected. 

The  analysis  indicated  that  a  refueling-base  system  overseas  is  distinctly 
cheaper  than  .an  overseas  operating  system  as  far  as  facilities,  airlift,  and 
stocks  are  concerned.  The  refueling  base  involved  functions  other  than  fuel 
pickup:  it  involved  maintenance,  fot  example.  However,  the  purpose  of 
maintenance  ip  a  refueling-hase  system  was  oniv  to  assist  as  many  planes  on 
to  target  as  it  could  within  a  safe  period  of  occupancy  and  to  get  the  rest 
home.  The  costs  of  extra  aborts  involved  in  such  a  policy,  as  well  as  the 
costs  of  extra  personnel  to  provide  staging  support,  were  included  in  the 
campaign  analysis,  as  v/ere  the  costs  of  prestocking  and  protecting  sullieienf 
fuel  for  an  entire  campaign. 

A  choice  between  an  overseas  operating  base  ..ystern  and  an  iiitercuntfneiii.il 
ground-ref  tiding  system  was  shown  to  have  distinct  consequences  tor  the 
location  of  prestocked  material.  Therefore,  the  analysis  indicated  that  this 
choice  must  be  niude  long  in  advance  ol  the  start  of  any  campaign. 

The  importance  of  adding  bases,  particularly  to  the  south,  of  Russia,  was 
sustained  by  base  loading  analyses  for  both  the  operating-  and  refueling-hase 
systems. 

The  comparative  cheapness  of  the  refuel ing-biise  system  was  evidenced  by 
campaign  analyses.  This  system  had  a  significant  margin  of  advantage  .over 
overseas  operating  base  systems,  even  neglecting  vulncrabiljiy  considerations. 
However,  the  chiel  motive  lor  the  use  ol  the  refueling  system  was  the  reduc¬ 
tion  of  vulnerability  in  a  period  ol  growing  Russian  capabilities. 

Tie  Tim  nisi  ANi  i  i  hom  iiasi.  io  i.niimv  hokdkk: 

III!.  COST  or  IIASI'.  VUl  MI-K.\ll!l.I  I  Y 

Thus  far  the  study  had -considered  the  question  of  bomber-base  operations 
in  the  context  of  a  hugely -one-sided  war  in  which  the  enemy  was  limited  to 
defense.  Aside  iiom  the  constraints  imposed  by  defenses  the  enemy  might 
employ',  the  study  hail  had  the  option  of  choosing  base  combinations  .subject 
cli icily  to  aerodynamic,  political,  and  logistics  constraints.  No  quantitative 

estimate  of  the  costs  of  mourning  strikes  in  the  face  of  enemy  aifack  had 

1 1 

been  made.  Ibis  was  a  critical'  matter,  since  the  destruction  ol  our  strike 
force  was  elea'ly  a.  matl'-i'  o!  high  priority,  ami  il  was  vei"  likely  that  the 
enemv  would  have  the  opportunity  for  the  first  attack.  The  damage  sutfered 
by  our  force  on  the  gimmd,  ami  the  types  and  cost  ol  base  .defense  varied 
widely  wiih  differing  base  systems.  With  some  defenses,  only  a  small  peiccn- 
tage  of  our  bombers  would  survive  to  take  part  in  our  attacks. 

I’lie  analysis  next  examined  defenses  that  would  he  economic  for  alternative 
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base-aircraft  systems  and  the  damage  they  might  he  expected  to  stiller  in 
spite  of  these  defenses.  Here  the  "survival  value"  of  those  systems  was  meas¬ 
ured  in  terms  of  the  systems, cost  per  bomber  available  lor  use  alter  enemy 
attacks.  The  major  alternative  base  systems  were  examined  together  with 
overseas  refueling  systems  designed  to  have  extremely  low  vulnerability  to 
enemy  "attack. 

!t  was  shown  that  the  vulnerability  of  a  strategic  base  system  and  measures 
for  its  defense  could  be  separated  for  the  purpose  of  the  analysis  into  the 
following  five  categories,  which  correspond  approximately  to  the  successive 
lime  phases  of  an  attack': 

1.  The  stockpile  of  aircraft  and  weapons  possessed  hy(  the  enemy,  his  com¬ 
mitments  to  attack  sac,  ami.  methods  of  employment  of  the  force  in 

relation  to  the  sox  and  location  of  the  target  system'  piesenied  by  sai  . 

•t 

2.  Fxpecled  survival  of  attacking;  bombers  to  the  bomb-release  line. 

1.  The  value  of  the  targets  presented,  as  determined  by  patterns  of  base 
oeeiipnney  aiTeeiing  the  exposure  o!  aircraft  and  other  systems  elements 

■  tit  the  Lime  of  attack.-  :| 

-  11 

4.  Physical  vulnerability 'of  systems  elements. 

5.  The  recnperahilily  of  Ihe  force  after  attack,  and  the  died  of, damage  to 
systems  elements  on  the  accomplishment  of  strategic  bombing  missions. 

(  oiisidei  ill  ion  of  the  first 'iwo  ciitical  laelors  (target  radius  and  pcndi  aliuit 
routes)  stressed  ihe  advantages  ol  being  close  to  the  target  and  dose  to 
favoiablc  points  to  enler  energy  defenses.  Unfortunately.  when  wc  are  close, 
not  only  is  our  power  lo  attack  the  enemy  very  great,  hut  so  also  is  his 
power  to  attack  us.  (The  rings  in  I  in  3.10  indicate  the  steps  in  which  the 
ciicmy'n  striking  power  diminishes  with  distance  ii'oi’n  his  border.)  '1  he  most 
obvious  disadvantage  of  an  overseas  base  system  is  its  increased  vulnerability. 

V.  Operating  Bases 

The  most  vital  and  easily  damaged  elements  of  a  strategic  force  based  in 
(lie  l  :.S.  /i  were  found  not  lo  he  very  vulnerable  ij  Ihe  aircraft,  personnel, 
and  essential  materiel  evacuation  plan  o!  sa.<  were  earned  out.  However,  a 
Ian;'’  nunther  of  U.S.  bases  were  loo  dose  lo  the  perimeter  of  our  projected 
•,/< J.S6  radar  net  to  have  even  marginally  adequate  warning  against  air  attack. 
ll  Moreover,  the  an;j.lvsis  showed  that,  in  ihe  event  of  Russian  use  ol  a  short- 
range  siibmaiimi-laupchcd  A-hqpih  carrier,  no  future  extension  of  the  radar 
nctwoik  was  likely  to  provide  adequate  warning  for  coastal  bases.  Computations 
showed  that  a  single,  high-allilude  mass  Russian  strike  against  U.S.  targets. 
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Fig-  3.10  Base  localions  relative  to  U.S.S.R.  striking  powci 

including  sa(  .  with  1056  defenses  could  insult  in  attrition  ' of  75  to  B5  per 
cent  of  the  medium-bomber  mice.  Willi  adequate,  winning  tins  eoultl  he 
reduced  to  an  attrition  level  ol  less  than  20  per  cent.  These  estimates  were 
based  on  a  Russian  cnmniihnenf  of  120  bombs  to  the  destruction  of  sac. 
Considerably  smaller  bomb  commitments  by  the  Russians  ■  could  also  result 
in  high  levels  of  destruction  in  the  absence  of  adequate  warning.  In  addition 
to  bomb  commitment,  the  analysis  also  considered  varying  estimates  of  Russian 
bomber  stockpiles,  expected  operational  aborts,  and  attrition  inflicted  by  U.S. 
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defenses.  Figure  3.11  illustrates  expected  ground  attrition  of  strategic  aircraft 
on  II.S.  bases  in  19.56  for  a  range  of  A-bombs  allocated  by  the  Soviets  to  the 
task  of  neutralizing  ibis  force,  and  for  a  range  of  probabilities,  of  their 
delivering  the  bombs  allocated,  The  delivery  probability  depends  on  the 
number  of  bombers  assigned  to  the  task  and  the  effectiveness  of  our  fighters  - 
which,  in  turn,  depends  oh  lire  likelihood  of  Russian  countermeasures.  The 
lower  limit  of  the  shaded  areas  in  lug  3.1  L  (and  also  in  Fig.  3.12,  p.  47) 
rcpiesents  probable  values  of  enemy  bomber  assignment  and  elfectivcncss  of 
our  fighters.  The  upper  limit  indicates  the  result  of  assuming  a  higher  enemy 
olTcn.se  capability  and  lower  effectiveness  of  our  own  defenses. 

An  analysis  of  the  reduction  in  U.S.  bomber  losses  when  adequate  warning 
was  received  showed  the  benefits  of  evacuation.  Ip  addition,  Ilyaway  kits  and 
operating  personnel  were  protected  by  the  execution  of  the  sac  evacuation 
plan.  Dispersed  operation  was  considered  as  ait*  alternative  or  an  additional 
defense  to  evacuation.  However,  as  a  substitute  for  evacuation  if  turned  out  to 
be  unacceptably  sensitive  to  the  number  of  enemy  bombs  directed  against  sac. 
As'  a  supplement  to  evacuation,  dispersed  operation  tended  to  cost  more  than 
it  saved  in  unattrited  bombers  (see  Fig.  3.13,  p.  48). 

Wherever  possible,  measures  (for  example,  addition  of  radar,  reduction  of 
time  required  for  evacuation,  and  transfer  of  wings  from  the  periphery  to  the 
interior)  to  provide  adequate  warding  and  to  facilitate  evacuation  of  critical 
elements  of  the  striking  force  appeared  to  be  more  effective  and  less  costly 
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than  initial iy  dispersed  operations  as  a  means  of  defending  operating  bases. 

In  particular,  the  campaign  analysis  indicated  that  it  was  important  to 
modify  the  sac  evacuation  plan  hy 

!.  Hastening  the  decision  to  evacuate  by  allowing  sac  evacuation  to  be 
triggered  automatically  hy  a  warning  derived  from  the  continuous  statistical 
evaluation  of  unknown  aircraft  within  our  radar  network.  (The  analysis 
pointed  out  that  the  triggering  level  to  Hush  sac  could  and  should  be 
lower  than  the  level  the  Air  Defense  Command  (auc)  required  for  its  full 
Red  alert,  affecting  as  it  would  many  civilian  activities:  also  that  it  might 
lie  set  so  as  to  exercise  sac  in  the  evacuation  plan  two  or  three  times 
a  year.) 

.2.  Separating  the  plan  for  evacuation  from  the  plan  for  deploying  bombers 
for  attack,  and  giving  higher  priority  to  the  essential  job  of  saving  the 
striking  force. 

3.  For  at  least  the  interim,  keeping  minimum  .evacuation  crews  on  hand  at 
all  times  at  bases  that  had  insufficient  reliable  radar  warning  to  permit 
crew  assembly. 

4.  Providing  egress  taxiways,  wherever  possible,  to  permit  the  taxiing  or 
towing  of  rionflyahle  aircraft  off  base. 

Besides  evacuation,  other  critical  defense  measures  for  bases  in  the  zi, 
described  below,  weie  discussed.  (With  these  modifications,  the  probability  of 
evacuations  was  high  enough  to  make  the  extra  insurance  of  operating  bombers 
in  many  units  of  loss* -( than  wing  size  excessively  costly.  However,  forms  of 
dispersal  other  than  dispensed  operation  weic  considered  quite  important 
for  example,  preparation  of  alternative  U.S.  sites  for  emergency  use  and' local! 
dispersal.)  : 

Overseas  Operating  Hoses 

F, vacua t ion  did  not  appear  feasible  for  most  overseas  bases  (advanced  nr 
intermediate)  because  of  the  very  short  warning  times  and  a  high  enemy 
capability  for  frequent  air  attacks  and  feints.  (  The  inadequacy  of  warning  time 
was  emphasized  bv  the  threat  of  submarine-launched  attacks.)  Five-sixths  of 
these  projected  overseas  bases  were  within  1  IKS  mi  of  the  sea.  The  vulnerability 
of  units  deployed  to  such  overseas  bases  would  be  high.  ., 

Analysis  of  the  consequences  of  a  Russian  A-bomb  ah'  aback  on  die  whole 
of  the  projected  1 D56  overseas  primary-based  system  with  the  projected 
defenses  clearly  showed  that  duly  small  numbers  of  A  bombs  were  needed 
tc>  eliminate  the  majority  of  the  force  surviving  attack  in  the  United  States 
(see  Fig.  3.12).  ..(Although  expected  destruction  of  aircraft  is  used  as  a 
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measure  of  vulnerability  in  Fig.  .1.12,  the  combat  effectiveness  of  the  force 
wou'il  lie  further  reduced  by  loss  of  personnel,  bombs,  base  facilities,  fuel, 
supplies,,  etc.)  The  extensive  destruction  indicated  by- rather  moderate 'invest¬ 
ments  ofi  Russian  bombs  resulted  from  (If  the  concentration  of  our  strategic 
forces  oft  relatively  few  bases  (a  reasonable  allocation  of  expected  enemy 
forces  provided  very  large  attacking  cells  per  base)!  (2)  tuadecjuatc  radar 
coverage  and  defense  weapons  effectiveness,  especially  at  low  altitudes  (bomb 
carriers  in  attacking  cells  had  a  very  high  probability  of  reaching  the  bomb- 
release  line);  and  (T)  the  high  physical  vulnerability  of  system  components 
llkt’lv  •  «»  hr  iVi»  j  !» w j  f'f;’  nt  IjtHc  viziic  .* 1 1 1 f » £ t k  (flu* 

probability  of  destruction,  given  bomb  release',  was  Very  high). 

After  the  outbreak  of  a  war.  the  initial  vulnerability '  of  wings  deployed 
overseas  was  found  to  the  critically  dependent  on*  the  period  of  exposure 
before  the  mounting  of  the  first  Li.S.  strike.  Measures  could  be'  taken  to 
reduce  the  period  of  exposure  before  our  first  Strike,  hut  after  that  our 
H-47's  scheduled  to  operate  front  overseas  bases  would  be  exposed  to  repealed 
attacks  by  enemy  aircraft  carrying  high-explosive  anil  atomic  bombs.  Analysis 
indicated  that  units  on  rotation  oversells  at  the'  outbreak  of  hosliiiiicX  must 
expect  to  suffer  great  damage  immediately. 
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Fig,  1.17  Attrition  on  programmed  overseas  updating  bases  versus  enemy  bomb 
alipcation  (no  aircraft  evacuation) 
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riu.’  analysis  indicated  that  the  vulnerability  of  the  formerly  pi  ejected 
overseas  operating  base  system  to  even  a  quite  low  level  of  enemy  attack 
could  he  reduced.  By  allocating  more  of  our  strategic  budget  to  the  purchase 
of  active  and  passive  defense,  rather  than  bombers,  wc  could  increase  the 
total  number  of  our  bombers  likely' to  survive' all  but  fairly  high  levels  of 
enemy  bombing  attack. 

In  tlte  final  comparison  an  improved  overseas  operating  base  system  was 
considered.  The  three  classes  of  passive  defense  measures  described  below 
were  treated.  They  involved  multiplication  of  bases,  relocation  of  bases,  and 
changes  within  bases  (separation  and  toughening  facilities).  The  first  two 
involved- 'large-scale  changes  in  the  base  system  as  a  whole.  Of  these',  it  was 
indicaU'4  thijt  one,  base  relocation,  might  affect  the  warning  available  and 
the  probable  si/e  of  the  enemy  attacking  force,  t  he  second  would  increase 
..the.  number  of  enemy  bombs  required;  the  third-  -local  changes-  -would  force 

an  increase  in  the '-size  if  not  the  number  of  bombs. i; 

V ! 

J>  •••  tl  . 

/Veijm'e  / U’/cnsc:  hiuhiphinu  Opcmiiit}. ;  Bases  „  l 

I; 

Since  evaeunrion  is  generally  not  feasible  ovciseas,'  multiple  sepaiated  bases 
had  to  he  considered.  ITotcctmg  the  bombers  by  this  means  would  require 
multiple  u//ciiitirt,i;  bases.  With  the  cost  in  extra  base  facilities,  .equipment,  and 
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personnel  held  rniUant,  the  redaction  in  aircraft  grimiu!  attrition  from  a 
single  enemy  strike  tor  three  degrees  of  operating-base  dispersal  is  shown  in 
Fig.  3.  I  F  Over  a  considerable  range  of  possible  Russian  bomb  commitments 
against  our  strategic  force  in  i  956,  there  would  he  a  net  gain  in  the  number 
of  aircraft  surviving  after  combat,  even  if  the  extra  cost  of  separated  bases 
resulted  in  fewer  aircraft  being  procured.  However,  the  project  could  have 
no  reliable  knowledge  of  what  Russian  capabilities  would  be  in;  1956.  It 
was  noted  that  if  the  number  of.  bombs  available  and  allocated  to  this  task 
was  higher  than  estimated,  dispersed' operation,  would  buy  very  little  defense 
(see.  Fig.  3.14'  Sineo  the  Russian  capability  was  expected  to  increase  rapidly 
as  time  wwiit  by,  we  could  not  rely  on  this  method  of1  defense. 

?  ii 

Passive  Dejensc:  -Relocation  of  Opr  rat  ins’  Bases  t 

Relocation  bad  been  advocated  as  a  measure  which! !  might  counteract  some 
threats  against  y.i  operating  bases.  If  applied  to  overseas  bases,  this  measure 
would  yield,  the  intermediate  overseas  operating  base  systems  previously 
mentioned.  It  would,  indeed,  reduce  die  number  of  sorties  that  the  enemy 
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could  mount  with  a  fixed  force.  This  would  he  ;t  great  asset  against  a  'high- 
explosive  attack,  but  of  iittic  value  against  atomic  attack.  Repeated  atomic 
sorties  ate  not  required  to  destroy  soft  targets  such  as  bombers  caught  on 
the  ground.  Since  intermediate  base  systems  were  not  within  the  deep  lighter- 
hacked  U.S.  radar  network,  evacuation  would  be  denied  them  as  a  defense. 
Therefore,  they  would  be  little  less,  or  no  less,  vulnerable  to  atomic  attack 
than  advanced  overseas  operating  base  systems. 


Passive  Drfcn.se:  Changtix  within  aJIase 


No  existing  strategic  base  was  specifically  designed  to  reduce  damage  from 
atomic  attack.  Ar.  analysis  showed  that  a  mculuiii-.si/.ed  (40  KT)  bomb  dropped, 
with  a  4000  ft  (TP  could  be  expected  to  result  in  destruction  and  serious 
damage  ranging  from  SO  per  cent  to  almost  all  the  aircraft,  structures, 
supplies,  and  personnel  exposed  on  zi  bases  and  most  overseas  bases.  Damage 
to  many  base  elements  eould.be  reduced  by  loifcai  dispersal  and  blast-protective 
shelters.  Parking  aircraft  on  the  perimeter  of  our  large  French  Moroccan 
bases-  rather  than  using  area  dispersal  (now  employed  overseas  for  protection 
against  high-explosive.  attack)  would  reduce  expected  aircraft  destruction  and 
serious  damage  by  about  one- half  in  the  case  of  an  attack  with  a  lOO-K'I 
bomb.  The  analysis  went  on  to  show  tliai  several  of  these  defense  measures 
were  relatively  inexpensive  and  at  least  would  ensure  against  the  use  of 
medium-sized  bombs.  However,  their  effectiveness  depended  on  the  limits 
to  the  size  of  the  bomb  used.  The  study  found  suc^  methods  inadequate  for 
assuring  protection  of  our  bombers  against  the  delivery  ot  large-yield  bombs 
with  normal  accuracies.  On  the  other  hand,  they  were  shown  to  have  an 
important  role  in  protecting  the  critical  fixed  facilities  and  the  base  defense 
weapons.  The  hurtle  nin g  of  critical  facilities  against  the  possibility  of  attacks 
(unit'd  at  hasc  denial  would  he  useful,  accni'dini;  In  the  results  of  the  campaign 
analyses,  even  piven  sizeable  enemy  stockpiles  of  thermonuclear  weapons. 


Active  Defense 

The  study  showed  that  the  effectiveness  of  scheduled  active  defenses  could 
be  improved  somewhat  by  added  ;auai  covciage,  especially  at  low  altitude. 
Over-ocean  coverage;  was  inadequate  and  most  pf  the  projected  ■  forward 
operating  bases  weie  within  100  mi  ot  the  sea,  making  urea  defenses  partic¬ 
ularly  ineffective.  Achieving  a  high  level  ol  defense,  by  adding  more  delcinlc 
weapons  of  the  type  then  scheduled  would  cost  about,  as  much  as  it  would 
save.  -  S 

(bound  attrition  would  be  significantly  reduced  bys  the  use  of  weapons  not 
likely  to  be  available  for  the  defense  of  overseas  bases  in  I9h(>  (Nike  and 
Loki  local-defense  weapons,  etc.).  However,  the  study  indicated  that  in  all 
cases  the  effectiveness  of.  the  active  defense  of  overseas  bases  was,  critically 
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dependent  cm  I  lie  peilui  nianee  and  number  of  carriers,  taetics,  and  counter- 
measures  employed  by  the  enemy.  In  view  of  the  uncertainties  about  the’ 
eiicci IVCIICSS  cii  vaiious  active  defense  iiiCasllles;  it  appeared  very  risky  to 
defend  bases  primarily  by  active  means.  .This  was  particularly  true  of  bases 


that 


could  be 


'•1  •  Mils  nOi  I . 
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umce  jet  aircraft  (!!  28,  HF-150),  which 


the  Russians  at  the  time  were  expected  to  have  in  huge  numbers. 


Recuperation  1‘lans 

Another  snhstndy  dealt  with' recuperation.  Recuperation  plans  were  shown 
to  drastically  reduce  me  impact  ot  physical  damage  on  base  operational 
elleetiveness.  lri  the  ease  dl  an  A-bomb  attack  on  a  base,  a  large  number 
of  the  aircraft  might  require  replacement  ol  those  parts  likely,  to  be  damaged 
by  blast  (for  example,  control  surfaces,  bomb-hay  doors,  external  plastic 
surfaces).  As.  these  pints  normally  did  not  require  replacement' in., quantity, 
they  were  not  stocked  in  quantity  at  bases.  However,  such  stocks  would  not 
be  expensive,  and  failure  to  stock  fhcm"could  mean  weeks  and  possibly  months 
of  inactivity. 

Aside  from  decontamination,  the  essential  measures  indicated  to  meet  the 
radioactive  fallout  problem  on  home  bases  included  (I)  evacuation  to -emer¬ 
gency  alternate  bases  and  delay  in  using  the  contaminated  bases  (because 
of  the  rapid  decay,  such  delay  times  could  be  short  -provided  the  period 
of  exposure  was  short),  and  (2)  shortening  the  peiiod  of  occupancy  and 
exposure  by  staging  through  the  contaminated  home  bases  Irom  ibe  enter 
gency  alternates. 

Other  measures  examined  and  found  useful  included  duplication  of  vital 
base  facilities,  the  training  of  damage-repair  teams,  and  provision  lor  emer¬ 
gency  construction  to  replace  facilities  destroyed. 

Combinations  of  active  and  passive  defenses  were  found  to  be  better  than 
any  single  defense  measure  for  the  defense  of  an  overseas  operating  base 
system.  Manning  and  real-estate  constraints  acted  lo  resiiiel  i lie  lange  of 
choice  available.  A  compui  Non  of  the  formerly  programmed  system  with  an 
overseas  operating  base  system  modified  to  reduce  vulnerability  showed  an 
increase  in  Lite  number  ol  bombers  available  lor  combat  when  extra  I  (aids., 
(out  of  a  fixed  budget)  were  spent  for  additional  active  and  passive  defense 
measures,  including  local  dispersal  and  blast  protection,  augmented  interceptor 
and  local  defenses,  and  ground  anil  airborne  early  warning  (AF.W)  radar 
coverage,  (see  big.  VIS)  Although  the  cost  pei  bomber  procured  was  found 
to  increase  by  30  per  cent,  the  cost  per  bomber  surviving  fnr.-roinfHit  (along 
with  supporting  elements),  decreased  by  3b  per  cent.  This  /ninbinahnn.  of 
defense  measures  was  not  regarded  as  optimal,  and  there  were  wide  variations 
in  preferred  measures  for  different  overseas-base  areas. 
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Fig.  3. L 5  Effect  of  augmented  overseas-base  defenses:  overseas 'primary  systems; 

•fixed  budget 

j  "■ 

Preferred  Defense  Measures 

Jt  appeared  that  the  vulnerability  of  sac.:  before  deployment  to  overseas 
p/Yiiniry  bases  was  moderate  lor  units  stationed  on  bases  likely  to  receive 
adequate  warning  of  attacks,  and  that  while  many  units  were  '  .  scheduled 
to  have  such  warning,  it  might  he  provided  by  the  means  suggested.  The 
cost  of  this  measure  was  small  in  cemparison.Kvilh  the  damage  that  it  would 
avoid. 

The- campaign  analyses  indicated  that  by  l')S6  the  vulnerability  of  overseas 
operating  bases  was  likely  to  he  unacceptably  high.  It  was  possible  to  reduce 
this  vulnerability  by  applying  the  measures  described  above,  but  the  success 
of  such  defense  measures  jjJcpended  critically  on  enemy  capabilities.  It  was 
also  possible  to  reduce  vulnerability  by  an  essentially  different  strategic  base 
system;  one  using  operating  bases  in  the  United  States  in  conjunction  With 
overseas  refueling  bases.  Like  evacuation  measures  in  the  United  Slates,  this 
ground-refueling1;  system  overseas  would  make  it  improbable  that  our  bombers 
would  be  caught  on  the  ground.  Tin:  probability  til  success  of  such  measures, 
which  reduced  the  chances  of  our  being  on  base  when  enemy  bombers  reached 
tiie  bomb-release  line,  was,,  found  to  he  comparatively  unaffected  hv  a  wide 
raiy»e  of  possible  increments  in  enemy  capabilities.. 


Defense!  of  Overseas  Refueling  Bases 


The  study  next  examined  a  strategic  system  with  refueling  bases  as  the 
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sole  overseas  element.  The  refueling  system  was  assumed  to  include  all  bases 
then  scheduled  tor  use  as  either  refueling,  or  operating  bases. 

Detailed  study  of  overseas  refueling  bases  showed  that  defense  might  be 
achieved  economically  by  (1)  having  many  more  bases  than  were  demanded 
by  traffic  requirements;  '(2)  reducing  the -  period  of  exposure  of  aircraft  on 
bases  (2  to  3  hr  fur  a  base  near  enemy  territory;  for  more  remote  bases,  safe 
periods  were  more  extended)  and  employing  a  base-use  pattern  that  would 
make  it  improbahie  that  the  enemy  would  lind  the  bases  occupied;  (3)  dispersal, 
multiplication,  and  blast-protection  of  minimal  .facilities  to  reduce  physical 
vulnerability;  (4)  active  defense  even  when  bases  were  unoccupied  CIO  wings 
of  interceptors,  35  battalions  of  Loki  weapons),  and,  when  some  of  the  bases 
were  occupied,  concentration  of  fighters  (and  addition  of  10  wings  of  fighter 
escoTts)  at  [.the  points  of  occupancy;  and  (5)  establishing  a  damage  repair 
and  recuperation  capability.  The  multiplicity  of  these  bases,  the  physical 
'  toughness  of  the  few  fixed  installations,  and  their  considerable  active  defense 
would  make  them  unprofitable  targets  (even  assuming  quite  large  Russian 
/.stockpiles  6f  A-bombi.  and  long-range  bombers)  so  long  as  the  bases  were 
unoccupied  by  bombers. 

■I  Figure  3.16  (which  shows,  for  one  attack  strategy,  the  percentage  of  the 
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total  bombing  force  at  risk  in  the  rcfucling-hasc  system  at  various  times 
during  the  first  month  after  D-day)  illustrates  one  of  the  most  important 
features  underlying  refueling-base  defense,  liven  if  attacked  at  precisely  the 
hour  of  maximum  concentration,  only  a  quite  small  percentage  of  oiir  force 
would  be  risked  — lor  some  attack  strategies,  a  percentage  comparable  with 
the  imevacuahle  part  of  our  force  on  interior  U.-S.  bases  having  adequate 
Warning.  Moreover,  even  allowing  for  extensive  intelligence  information  on 
the  part  of  the  enemy,  we  could,  by  using  feinting  tactics,  random  straiegy 
and  the  like,  make  his  expectation  of  finding  us  considerably  less  than  that 
indicated  at  the  hour  of  maximum  concentration.  The  feints,  supplemented 
by  such  devices  as  Ii-47  dummies  on  the  refueling  bases  and  by  the  active 
defenses  assumed,  could  mean  a  •  very  substantial  waste  of  enemy  bombs 
'and  bombers. 

A  l!.S. -based  bomber  force  operating  through  an  overseas  refueling  base 
system  so  defended  would  suffer  extremely  low  ground  attrition  compared 
with  an  overseas-based  force.  The  projected  1956  system  of  operating  and 
refueling  bases  would  require  only  moderate  extension  .and  modification  to 
adapt  it  to  such  use.  A  strong  overseas  refueling-base  system  would  be  tacti¬ 
cally,  as  well  as  politically,  feasible.  Moreover,  refueling  bases  (like  U.S. 
operating  bases,  but  unlike  those  operating  overseas)  would  not  increase 
sharply  in  vulnerability  with  'even  rather  large  changes  in  t'nc  number  of 
bombs  and  carriers  the  Soviets  might  commit  to  an  attack  on  the  U.S 
strategic'  force. 


Siqnmary  of  ihi*s  Dvjr'fi.u-  and  !i::p edeti  Da/rUtw 
The  study  concluded: 

1.  The  unmodified  overseas  operating,  base  system  would  be  extremely  vul- 

■  nerablc  in  1956.  >  »  i~ 

2.  While  sac  fcotild  not  be  made  invulnerable,  its  vulnerability  could  he 
reduced  by  ,i  variety  of  measures  which  would  save  more  than  they  would 
cost.  No  one  measure  sufficed  for  the  defense  of  the  strategic  force:  many 
were  required  in  combination. 

3.  The  best  of  these  combinations  of  measures  involved  as  a  major  c.onip'o- 

y  .  nerit  the  absence  of  the  critical  vulnerable  elements  when  bombs  v/ere 

.released  over  the  base!  This  meant  measures  enabling  evacuation  in  the 
United  States,  and  ineasuies  reducing  and  making  irregular  the  time  spent 
on  bases  overseas.  ■; " 

7  . .  - 

4.  With  such  measures  it  .would  be  feasible  to  preserve  the  majority  of  oiir 
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strategic  bombers  from  enemy  bombing  attacks,  even  assuming  very  high 
enemy  offensive  capabilities  and  commitment  to  the  task  of  destroying  sac. 

5.  Defense  methods  which  left  our  bombers  on  base  jit  the  lime,  of  attack 
depended  very  much  for  their  success  on  limitations  in  the  enemy  capabil¬ 
ity.  This  was  true  of  the  augmented  defenses  examined  tor  overseas 

■  primary  bases.  Multiplication  of  operating  bases  could  be  matched  by  a 
proportional  multiplication  in  the  enemy  bomb  stockpile.  Dispersal  within 
a  base  could  be  matched  by  the  increasing  yield  of  enemy  bombs  and 
active  defenses  by  enemy  countermeasures  and  hy  the  increased  apparent 
size  of  enemy  attacks. 

6.  in  comparing  the  destructive  power  of  the.  four  hroadly  different  alter¬ 
native  systems  Lor  basing  the  B-47,  if  was  important  to  include  both  the 
costs  of  appropriate  base-defense  measures  and  also  the  specific  effects  of 
enemy  bomb  damage  on  each  system. 

Some-  measures  that  were  necessary  to  reduce  vulnerability  were  common 

H 

o  till  the  systems  being  compared  These  were  the.  measures  for  hardening 
critical  facilities  both  in  the  y.r  and  overseas,  and  (since  alH.thc  systems 
involved,  a  /.i  component)  for  protecting  aircraft  on  the  ground  in  the  zi 
by  iierisifying  1 1:1  e  evacuation  piogium.  These  mea-ruies  were  shown  (o  Int¬ 
ellective  arid  essential.  But  the  most  critical  problem  was  the  protection  of 
bombers  overseas.  The  analysis  made  it  clear  that  edging  back,  as  in  an  inter¬ 
mediate  base  system,  did  not  signitieanlly  reduce  vulnerability  to  an  atomic 
attack.  [Tom  the  standpoint  of  vulnerability,  it  was  (mporlant  to  be  as  fur 
back  as  possible.  However,  leaving  the  refueling  function  forward  involved 
much  smaller  risks  of  damage  than  advanced  operation. 

The  study  then  concluded: 

It  is  clegr  that  consideration  of  vulnerability  .ak'/ne  dictates  operations  from 
,  bases  as  far  fior.n  the  sources  of  enemy  striking  power  as  possible.  However, 
vulnerability  doc’p  not  lessen  continuously  with  increasing  "distance  from  enemy 
borders,  lidging  away  does  not  help.  It  is  only  when  bases  of  operation  have 
been  moved  Well  within  the  radar  network  of  the  that  a  signilicant  and 
reliable  reduction  in  vulnerability, Occurs.  But  if  any  component  of  a  bombing 
system  "is  to  be  left  forward,  it  has  been  shown  that  a  system  which  leaves 
the  refueling  function  forward  is  least  vulnerable. 

Various  defense  measures  have  been  tested  for  each  of  the  base  systems 
considered.  Of  those  surviving  the  lest  of  savings  versus  cost,  some  arc  common 
to  all  systems  'considered.  These  are  the  measures  for  hardening  critical 
facilities,  both  in  the  /i  and  overseas,  and  for  protecting  aircraft  on  the  ground 
in  the  zi.  Since  all  systems  have  a  7.i  component,  at  least  before  D-day;  all 
have  die  requirement  for  this  defense.  The  principal  measure  for  the  defense 
of  aircraft  in  the  zt  was  found  to  be  evacuation. 

However,  the  most  critical  problem  (except  for  the  intercontinental  air-refueled 
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system)  is  the  protection  of  aircraft  overseas.  The  preferred  method  .  of 
achieving  this  is  the  adoption  of  brief  and  irregular  periods  of  occupancy  on 
overseas  bases.  This  is  the  method  ot  the  ground-ietaeied  system". 

3.11.  "i  lilt.  JOINT  EFFECTS  " 


Up  to  this  stage  in  the  project,  the  effects  of  the  operational  distances  (hase 
to  target,  base  to  enemy  border,  etc.)  had  been  examined  separsu.  .y.  In  reality, 

I  hey  interact.  To  examine;  the  joint  effects  of  these  critical  distance,  factors, 
several  widely  different  "bases  anef.  aircraft  combinations  were  compared  in 
the  context  of  strategic  campaign:;  in  which,  as  in  the  previous  section,  after 
an  •enemy  first  strike,  the  United  States  launched  strikes  against  a„  defended 
Russian  target '  system  while  the  U.S.-base  system  was  concurrently  under 
Russian  attack.  The  systems  compared  were  (1)  an  exclusively  air-refiltcled 
intercontinental  B-47  system,  (2)  a  ground-refueled  intercontinental  B-47 
system  with  a  tanker  supplement,  (3)  a  11-47  advanced,  operating  overseas  base 
system  (with  local  dispersal,' more  radar  and  active  defense),  and  (4)  an  inter¬ 
mediate  overseas  operating  hase  system  (with  an  appropriate  level  of  active 
and  passive  defense).  In  tiles'?  final  comparisons,  a  considerable  number  of 
plans  wid)  alternative  foice  rvHuuements  were  hied  for  each  of  the  competing 
U.S.  offensive  systems.  Hach  system  was  matched  against  an  enemy  defense 
and  offense  and  deployed  to  Take  some  advantage  of  its  characteristic  weak¬ 
nesses.  On  the  other  hand,  tanker-bomber  combinations,  routes  of  deployment 
and  penetration,  and  active  defenses  were  chosen  so  as  to  exploit  advantages 
of  each  system  and  to  reduce  it:;  force  requirements  and  cost.  Appropriate 
additional  defenses  for  the  overseas  operating  hase  and  refueling-base  systems 
had  already  been  studied.  In  all  systems  the  U.S.  bases  were  well  within  the 
early-warning  network.  The  cdsts,  both  of  these  defenses  and  of  the  ground 
damage  to  be  expected  for  various  Soviet  bombing  force  and  bomb  assign¬ 
ments,  were  included  in  the  total  cost  required  by  each  system  to  destroy 
various  Russian  target  systems. 

■  Although  the 'bombers  and  the  U.S.  operating  base  locations  were  the  same 
in.  all  the  systems  compared,  and  although  their  methods  of  defense  were  in 
all  respects  identical  except  for  those,  aspects  associated  with  the  concepts 
of  operations,  ,he  differences  in  campaign  costs  were  striking.  The  inter¬ 
continental  exclusively  air-refueled  system  turned  out  to  he  decidedly  inferior 
to  the  intercontinental  ground-refueled  system.  The  advanced  overseas 
operating  hase  system  studied  was,  assuming  a  low  enemy  commitment  against 
sac,  intermediate  in  effectiveness  between  the  two  intercontinental  .systems. 
However,  its  cost  and  effectiveness  were  very  sensitive  to  the  assumption 
regarding  the  numhei  and  size  of  enemy  bombs  committed.  Given  a  higher' 
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enemy  commitment,  its  cost  readied  Lhat  of  the  intercontinental  ah  refueled 
system  The  intermediate  overseas  operating  base  system,  which  combined  the 
high  radius-extension  costs  of  the  intercontinental  air-refueled  system  anti 
the  vulnerability  of  the  advanced  overseas  operating  base  system,  made  the 
worst  showing  of  all.  It  was  expensive  for  a  low  ievci  of  commitment.  Figure 
3.17  compares  the  four  types  of  base  systems  for  an  industrial-target  system”. 
(Both  the  relative  standing  of  ihc  overseas  operating  base  systems  and  their 
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i  jj'.ihjlitics 
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i  .nubilities 


Jiiicrniccluu-  Advanced 
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Fig.  3.17  Intercontinental  and  overseas  operating  base  systems:  cost  to  destroy 
an  industrial-target  system  in  the  face  of  enemy  A-bomb  attack 


sensitivity  to  differences  in  enemy  olfense  would  be  shown  to  be  woise  if 
Fig.  3.17  included  the  indirect  effects  yf  ground  attack  as  well  as  the  direct 
damage  to  bombers.)  These  results  apply  to  a  campaign  in  which  the  air- 
refueled  and  overseas  operating  base  systems  withhold  bombers  to  cut  suppuil 
and  ground-loss  costs,  etc.  If,  in  accordance  with  Air  Force  doctrine  at  that 
time,  nearly  all  cornbat-ready  bombers  had  been  nsody  the  inferiority  of  both 
systems  would  have  been  even  more  njarked. 

3.12.  IJni'.I  .KTAIN TII:S  IN  KNF.MY  CAPAMI-fr Y 

Since  all  systems  used  tlfe  same  -bombing  aircraft,  the"  results  were  tin 
affected  by'  \yidc  alterations  in  the  total  enemy  defense  capability,  bolt  were 
somewhat  affected  by  the  allocation  of  enemy  defenses  between  aiea  a'nyl 
local  defense.  It  was  believed  that  the  assumed  local  defense  might  be  high 

o  Here  we  see  what  is  meant  by  the  gross  (hj]ri;,ni<  c.\-  in  relative  cost  that  die 
study  set  out  to  uncover. 
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relative  to  the  assumed  area  defense,  but  a  downward  adjustment  would 
worsen  the  relative  position  of  the  air-refueled  system  still  further  and  so 
would  not  change  the' results.  It  had  already  hcen  demonstrated  that  the 
effectiveness  of  an  overseas  operating  base  system  was  likely  to  vary  markedly 
with  tile  magnitude  of  enemy  offense  capability  (ior  example,  A-bomb  com¬ 
mitments  to  attacks  on  our  bases),  whereas  that  of  a  ground-refueled  system 
was  relatively  unaffected. 

In  studying  campaigns  conducted  with  reserves  against  both  air ’  and 
ground  losses,  it  was  assumed  that  the  losses  to  be  exacted  by  the  enemy 
were  those  to  be  expected  on  the  basis  of  our  estimate  of  his  capabilities, 
liven  in  the  tests  summarized  above,  where  a  range  of  enemy  capabilities  and 
resulting  attrition  was  tried,  correct  anticipation  pf  our  losses  was  assumed 
in  each  case.  Adjustment  for  the  realistic  uncertainties  of  preparing  for  a 
campaign  against  an' enemy  about  whom  we  had  imperfect  intelligence  would 
worsen  further  the  situation  of  all  systems  which  showed  a  large  difference 
between  reserve  and  operating  eosls,  for  it  could  no  longer  be  assumed  that 
precisely  the  correct,  reserves  could  be  stocked.  It  was  stressed  that  this  would- 
be -.an  adjustment  for  the  gups  in  our  intelligence  about  future  attrition  rather 
than  for  differences  in  attrition  itself.  Figure  V 1 8  illustrates  the  differing 
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Air-refueled  sy.;t  cm  Ciround-tcfucled  system  Advanced  overseas 

operating  base  system 

Fig.  3.IH  Target  destruction  potential  and  uncertainty  in  enemy  capability 

.  1  ($.40  billion  budget) 

degradations  in  the  percentage  of  targets  destroyed  by  each  ol  the  systems  ii 
they  all  prepared  for  a  specific  enemy  offensive;  capability  (the  same  as  the 
one  assumed  in  the  right  half  of  f  ig.  3.17),  but  it  enemy  capability  turned 
out  in  fact  to  be  diifcrenl  from  our  expectations.  t 
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The  preferred  system  that  is,  the  ground-refueled  system  -was  shown  to 
be  more  feasible  than  the  air-refueled  system,  which,  to  destroy  the  same 
target  system,  involved  more  bombers,  many  more  tankers  (as  high  as  1700 
KB-36  type),  more  U.S.  bases,  and  more  construction  money  than  was 
programmed.  The  preferred  system  required  roughly  the  numhor  of  bombers 
programmed  and  somewhat  fewer  tunkeis.  The  overseas  refueling  bases 
assumed  used  the  sites  programmed ;  and  these  were  easier  to  obtain  and  to 
keep  exclusively  for  refueling  use  than  for  operational  use.  The  improved 
overseas  operating  base  system  required  operating  bases  in  many  areas  not 
scheduled  for  this  purpose.  It  also  involved  a  gieat  many  more  bombers  than 
the  ground-refueled  system. 

i;  '  .V  ' 
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3.14^  Fixhd  buucut  i-ampaions 
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The  comparisons  shown  thus  far  in  this  recapitulation  were  made  in  terms 
of  ihc  jelative  cost  iui  aiiei native  systems  to  do  the  same  fixed  job  ul  laiget 
destruction.  The  study  used  the  reverse  criterion  anil  compared  systems, 
having  identical'  budgets,  with  respect  to  the  relative  number  of  targets  they 
eouid  destiny.  The  differences  shown  were  then  drastically  increased.  This 
was  duo  to  the  elfeel  of  saturation  on  enemy  defenses:  Systems  that  could 
allocate  a  large  proportion  of  their  budget  lb  buying  bombers  :n  excess  of 
the  minimum  needed  for  saturation  obtained  more  than  tile  proportional 
bandits  m  increased  targets ,•  killed.  The  intercontinental  air.- refueled  system 
had  to  spend  most  of  its  budget  to  procure  tioncnmhal  elements,  namely  the 
tankers.  The  overseas  operating,  base  system  had  to  spend  much  of  its  money 
on  logistic  support,  active  and  passive  defense,  and  purchase  of  bombers 
which  were  killed  ori  the  ground.  Thiv  intermediate  system  spent  money  on 
all  of  these. 

The  characteristic  differences  m  allocation  of  funds  between  combat  and 
noncomhnt  elements  were  responsible  tor,  some  of  the  rather  surprising  dif¬ 
ferences  in  the  time  developments  of  the  campaigns. 

3.15  tl.l.XIHIl  1  i  V  ANI>  <  'AMI'AICN  IlMK 

bombing  aircraft  operated  at  intercontinental  distances  were  shown  to 
have  lower  sortie  rates  than  those  operated  from  advanced  bases,  in  the  ease 
of  a  ground-refueled  system,  this  did  not  mean  a  longer  campaign  than  for 
an  overseas-based  system.  In  both  the  overseas  operating  base  and  air-refueled 
•systems,  the  strike  rate,  using  a  lactic  of  holding  bombers  jo  reseive,  was 
limited  by  the  "operating  support  force  (available  tankers  in  one  case,  and 
overseas  operating  bases,  logistic  support,  and  active  defense  in  the  other). 
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To  incicu.sc;  the  support  force  to  tire  point  where  all  the  available  bombers 
could  be  sortied  in  one  strike  would  be  extremely  expensive.  For  the  ground- 
refueled  system  the  extra  cost  of  providing  support  for  the  entire  force  was 
calculated  to  be  moderate.  Inexpensive,  extra  support  would  increase  the 
potential  stiike.  rate  of  the  ground-refueled  system  and  permit  it  to  finish  a 
campaign  not  only  at  lower  cost,  hut  also  in  at  least  as  short  a  time  ns  anv 
other  system.  In  short,  a  ground-refueled  system  had  a  marked  advantage 
in  flexibility  of  strike  size,  rate  of  strike,  and  proportion  of  the  target  system 
attacked:  (It  also  had  greater  flexibility  in  choice  of  route  and  in  choice  of 

lllgut  piuiitc.j 

The  overseas  operating  base  systems  had  an  advantage  in  'Shorter  mission 
time,  which,  it  seemed,  would  permit  more  frequent  sorties  per  bomber.  The 
study  pointed  out  that  several  points  should  he  observed.  First,  the  importance 
of  high  sortie  rates  for  a  World  War  111  atomic  campaign  against  industrial 
targets  would  be  much  less  than  for  campaigns  with  high  explosives,  of  the 
World  War  If  type,  in  which  damage  had  to  be  administered  cumulatively, 
a  little  at  a  time,  and  from  which  recuperation  was  relatively  rapid.  (This 
diminished  significance  was  implicit  in  the  Air  Force’s  desire  for  an  inter¬ 
continental  mission  capability.)  Second,  the  proportional  increase  in  sortie 
rate  with  decreasing  mission  distance  was  qualified  by  a  number  of  difficulties, 
most  important  of  which  was  the  effect  of  enemy  attack  on  oar  sortie 
capabilities.  This,  in  fact,  could  reverse  the  apparent  advantage.  Finally, 
however,  even  if  vve  assumed  the  sortie  rates  of  individual  bombers  on  over¬ 
seas  operating  bases  to  he  twice  those  of  similar  bombers  based  in  the  Zi, 
the  campaigns  showed  that  the  zr-hased  ground-refueled  system  could  achieve 
a  higher  rate  of  destruction  for  a  fixed  budget.  The  essential  reason  for  this 
had  been  indicated:  An  overseas  operating  base  system  could  not  spend 
enough  of  its  budget  to  buy  bombers  with  the  hypothetically  high  sortie  rates. 
It  had  to  allocate- its  budget  to  logistic  support;  defenses,  and  bombers,  many 
of  which  were  likely'  to  he  killer!  on  the  ground  before  sorticing  at  all. 

3.16.  OPERATING  OVERSEAS  A*'Tl:R  THU  COIJNTERl  OI«  E  CAMPAIGN 

The  analysis  indicated  clearly  how  increasing  Russian  atomic  capability 
made  overseas  operation  of  the  strategic  force  unacceptably  risky.  What  of 
the  possibility,  of  strategic  operation  after  the  destruction  of  the  enemy  air 
force?  The  likely  difficulties -jn  conducting' a  successful  eountci force  campaign 
against  the  Russian  strategic  force  were  suggested  by  the  feasibility  of  a 
successful  defense  of  our  own  sac.  Russian  bombers  might  be- home-based 
deep  within  their  radar  network,  with  plenty  of  warning  to  permit  evacuation. 
Northern  peripheral  bases  might  be  used  for  staging  only,  and  critical  facil¬ 
ities  might  be  hardened  to  make  a  base  ..denial  Campaign  difficult.  The  enemy 
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might  use  a  large  number  of  alternate  bases  in  an  emergency.  Furthermore, 
the  campaign  required  to  make  continuous''  occupancy  of  the  overseas  bases 
safe  would  he  much  more  extensive  than  that  which  was ‘generally  then 
understood  by  the  designation  counterforce,  that  is,  a  mission  to  blunt  the 
Russian  attack  against  the  zi.  Since  a  large  fi action  of  these  bases  were 
within  1F-28  radius  and  even  one-way  MiG  range,  nothing  far  short  of  the 
destruction  of  the  entire  Russian  air  force  was  required.  Finally,  v/e  had  a 
disadvantage  not  suffered  by  the  Russians  in  that  we  would  have  relatively 
incomplete  information  as  to  the  location  and  function  of  their  various  air 
bases.  For  such  reasons,  by  the  time  the  destruction  of  Russian  atomic- 
delivery  capability  had  advanced  to  any  substantial  degree,  the  major  industrial 
targets,  which  are  much  softer,  would  have  been  destroyed.  (This  is  indicated 
by  the  results  of  several  joint  industrial  counterforce  campaigns  which  were 
tried.)  The  part  of  on:  force  that  is  unattrited  at  that  point  could  be  expected 
to  be  substantially  less  than  the  total  force,  and,  most  important,  our 
principal  atomic  strategic  joh  would  have  been  done  by  the  time  it  was  safe 
to  move  overseas  to  operate. 

3.17.  Limitations  and  fi.exti.ui.ity 

The  results  presented  here  have  been  derived  from  campaign  comparisons 
in  which  many  elements  were  varied  and  some  were  fixed.  The  study  analyzed, 
in  the  context  of  campaign,  only  the  programmed  bombas.  In  most  of  the 
campaign  analyses,  only  one  target  system  was  used  a  Russian  industrial- 
target  complex.  It  is  natural  to  ask  whethei  the  demonstrated  superiority  of 
a  ground-refueled  home-based  system  would  be  confirmed  by  additional 
analyses  in  which  these  other  fixed  elements  were  also  varied  realistically.  The 
composition  of  our  potential  bombing  force  was  seen  as  increasingly  variable 
when  later  time  periods  were  considered.  And  although  Russian  industry 
would  be  the  most  familiar  target  postulated  for  our  - strategic'  force,  it 
would  not  hr-  the  only  objective:  long-range  interdiction  and  the  destruction 
of  the  Russian  long-range  air  force  would  be  other  piominent  objectives. 

■  Against  long-range  interdiction  targets,  the  overseas  operating  base  systems 
showed  an  advantage  in  coordinating  the  bombing  schedule  with  rapidly 
changing  requirements  iui  retardation.  And,  even  lor  industry ■  bombing,  the 
analysis  indicated  there  were  circumstances  in  which  these  systems  would 
appeal  m  a  more  favorable  light.  Some  of  the  difficulties  in  achieving  our 
counterair  objectives  had  been  suggested.  Nonetheless,  il  the  Soviet  atomic- 
delivery  capability  could  be  destroyed  (although'  it  seemed  doubtful  that  this 
could  be  done  before  the  completion  of  the  major  part  of  the  attack  on  the 
industrial  iaraet  system),  or  if  it  should,  turn  out  to.  be  much  smaller  than 
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expected,  then  once  this  was  known;'! with  confidence,  overseas  operating 
bases  could  be  more  favorably  regarded  for  industry  bombing. 

However,  one  of  the  merits  of  the  recommended  system  was  its  adapt?'  ility; 
If  future  conditions  warranted  the  expenditure  of  time  and  money,  refne.U,, 
bases  could  hr  eonverfe.il  to  ^operating  bases  and  might  be  combined  with  a 
certain  number  of  overseas  operating  bases  used  in  connection  with  retarda¬ 
tion  targets'".  Similarly,  the  ground-refueled  system  could  permit  the  economic 
use  of  penetration  lighters,  this  would  hardly  be  feasible  for  the  air-refueled 
case  considered.  And  for  high-performance  bombers,  the  ground-refueled 
system  would  provide  great  llcxihility  in  the  choice  of  routes,  speeds,  and 
altitudes  of  penetration,  and  would  make  possible  the  large  payloads  that 
might  he  demanded  in  connection  with  the  advent  of  H-bombs. 

The.  analysis  indicated  that  a  growing  Russian  defense  had’  forced  us  to 
give  up  long-range  bombers  for  high  performance  bombers.  At  the  same 
time,  an  increasing  Russian  offensive  power  would  compel  us  to  keep  as 
much  as  we  could  of  the  vulnerable  part  of  our  strategic  complex  a  long 
distance  from  the  enemy's  borders.  A  system  for  basing  our  bombers  at 
home  within  the  cover  of  our  radar  neiwork  and  for  extending  radius  to 
target  by  means  of  dispersed  overseas  refueling  stations  appeared  to  be 
important  for  a  large  part  of  our  strategic  task,  and  to  be  capable  of  com¬ 
bination  with  methods  suited  to  accomplish  the  rest. 

.1.18  Fpiiotnn; 

This  study,  originally  conceived  as  a  logistics  exercise,  became  in  the  end 
a  study  of  U.S.  strategic  deterrent  policy".  After  appraisal  by  and  ad  hoi  Air 
Stall’  firnup,  the  principal  recommendation  of  the  first  part  of  the  study-  -to 
reduce,  sac  vulnerability  by  cutting  sharply  the  number  of  functions  performed 
at  overseas  bases  and  thus  the  time  during  which  the  force  was  exposed  on 
these  bn«>t:v — became  Aii  Force  policy  in  a  short  time.  This  was  merely  the 
beginning,  for  in  addition  to  work  oil  protective  construction  and  base 
hardening,  the  study  stimulated  research  on  a  bomb-alarm  system,  an  airborne 
alert,  and  long-endurance  aircraft. 

A  significant  step  in  the  development  of  hand’s  approach  to  problems,  this 
study  did  not  appear  as  “analytical”  as  our  previous  systems  analyses.  No 
complicated  mathematical  model  featuring  an  astronomically  large  .number  ol 
machine  compulations  was  involved;  nor  was  any  modern  operations  research 

is  As  part  of  the  investigation,  the  study  showed  that  the  construction  cuircntly 
underway  for  the  then  programmed  overseas  based  system  could  be  adapted  wiiiiuui 
expensive  changes  to  a  refueling-base  system. 

1 1  See  Chapter  7,  Section  7.6. 
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technique  such  us  linear  programming  used.  Indeed,  no  atlen>pt  to  determine 
a  sharp  optimum  was  made;  rather  the  objective,  was  insensitivity  finding 
a  system  that  would  work  well  in  many  widely  divergent  situations  and  even 
perform  reasonably  satisfactorily  in  a  major  catastrophe.  Our  efforts  to 
convince  the  Air  Force  that  the  study  recommendations  .should  be  imple 

fwtnrttrt.l  i> (1  n  Atsp  tKmrt  oloor*  In  iin-  ninioil  ml  nAliro.mnl'  irw*  flip 

IMUill'wU  liiune  o ;  iv  uiiiij,  vivui  .  m  m>  umnj  oio  unuvvi  ui 

relevance  of  the  many  factors  and  contingencies  affecting  the  problem  is 
more  "important  than  sophisticated  analytic  techniques.  A  good  new  idea- 
technical,  operational,  or  what  have  you  —is  worth  a  thousand  elaborate 
evaluations. 


As  far,  as  I  know,  this  .was  the  first  study  to  raise  as  a  major  issue  the  • 
question  of  the  vulnerability  of  s\c,  the  world’s  most  powerful  force!  indicating 
that  in  the  1955-1960  period  if.  nrght  be  crippled  by  an  enemy  surprise 
attack.  The  study  considered  many  ways  to  confront  this  possibility,  and  later" 
discussions  suggested  Others  to  the  Air  Force1-.  As'  a  result,  the  necessary 
fixes  were  adopted  to  protect  sac  against  the  joint  threat  of  aircraft  and 
ballistic  missiles,  and,  die  loie  of  active  air  defense  was  re-evaluated13. 

Present-day  critics  believe  that  the  results  of  this  study  should  have  been 
obvious  before  it  Sjtaited  and.  that  no  elaborate  analysis  was  required.  They 
maintain  that  it  is,  absurd  not  Lo  take  every  reasonable  measure  to  protect 
one's  offensive  fot’.ce,  particularly  when  one  assumes  that  the  enemy  will 
strike  the  first  blow;  that  it  is  equally  absurd  to  transport  jet  fuel  by  air  in 
wartime,  when  it  can  he  inexpensively  moved  by  water  in  time  ol  peace  and 
stored  where  it  is  likely  to  be  needed.  Nevertheless,  these  “absurdities"  were 
not  obyious  at  the  time  and  did  not  become  obvious  until  a  number  of  years 
after  the  study. 


Some  92.  briefings  were  given  and  a  special  Top  Secret  report  prepared, 
is  For  an  opinion  of  the  effect  of.  this  study  on  national  security  policy,  "see 
13.  L.  R.  Smith. '“Strategic  Expertise  and  National  Security  Policy:  A  Case  Study”, 
Pubh'r  Policy.  XI1T,  Yearbook  of  llic8  Graduate  School  of  Public  Administration 
of  Harvard  University,  1964. 
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Systems  analysis  is  an  approach,  a  way  of  looking  at  a  problem.  Mathemat¬ 
ical  techniques  or  computing  machinery 'may  or  may  not  be  necessary,  or  even 
useful,  miu  no  formal  analysis  need  appear  on  paper;  straight  hard  thinking 
may  suffice.  But,  in  common  with  all  analyses  of  choice  under  uncertainty, 
whether  elaborate  or  not,  certain  elements  are  present.  These  elements  the 
objective  or  objectives:  the  alternatives  or  means  ol  accomplishing  these  objec¬ 
tives,  the  casts  or  things  that  must  he  given  up  in  order. to  obtain  each  of  the 
alternatives,  the  model  or  description  of  the  relationships  between  the  al¬ 
ternatives  and  what  they  accomplish  and  cost,  and  criteria  by  which  to  choose 
the  preferred  o  I  lei  native — aie  piesent  in  every  analysis  designed  to  influence 
policy.  They  are  fJequenlly  difficult  to  choose  or  to  formulate  explicitly. 

■  Mi  .tie  Is.  cril'-.iiu,  and  easts  are  the  subjects  of  Chapters  4,  5,  and. 6,  respec¬ 
tively.  Alternatives  and  objectives  are  treated  in  Chapter  7,  which  emphasizes 
that  the  discovery  and  isolation  of  feasible  alternatives  and  the  determination 
of  objectives  are  fundamental  to  the  solution  of  any  problem  of  choice. 
Although  this  book  is  written  for  those  who  use  systems  analyses  and  not 
for  those  who  produce  such  analyses,  the  fohner  may  profit  by  an  explanation 
of  the  methods  and  .procedures  of  the  latter,  as  described  ip.  Chapter  K 
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Till-  WHY  AND  MOW  OF  MODI  i.  HUH  \ 


f  he  Unit vi I  Mates  pci  lodicai! \  holds  iiii  exerc ise  fn  which  the  capabilities  o! 
l he  United  States  and  the  Soviet  Union,  projected  a  lew  rears  into  the  Inline, 
•ue  compared  by  means  of  an  elaborate  war  game.  It//  one  of  these  e'S.ereises.' 
an  operations  analyst  (orotic  of  the  services  was  bfieliiig  the  excrcjse  stall'  of  his 
serviee  -wlien  the  senior  olheer  asked  how  some  matter  had  been  evaluated  Now 
the  question  wits  a  physical  one,  ami  'it  .seiisibli.o''lrie,j  I  lie  analyst  satisfied  his 
questioner  by  replying.  Sir.  we  have  a  mode)".  \ 

I  et  t's  exalttine  this  husnieU  ol  models  and  try  to  find  out  two  things:  what 
the  analyst  meant  by  his  answer,  and  wliy'he  should  have  been  thrown  out  for 
,  making  il.  j 

Before  'try  Jo  find  a  definition  of  a  model,  lei  its  first  look  at  an  example. 
Here  is  the  nn|del  with  which  systems  costs  were  computed  in  a  missile 
comparison':  |jl 


( ■  < '  1,111  I  A’f'.y.Y/a  r.„(  I  ii)m. 


If  rtn  pi' 


U  ’  if  tltis  expression  is  non -negative. 

P  .  ii  rut 

(  (i  otherwise. 


I  Ins  nie.de!  happens  to  coir. r.t  e.i  .a  lew  mathematical  equations,  hut  this  is 

not  Ihc  feature  that  we  shall  find  most  impoilant.  I.el  us  i  ..tlier  consider -'the 

quantities  whose  interrelations  are  spelled  out  hv  these  equations.  I  'hose  lull 

into  three  "groups,  first,  we  have  the  output  of  the  model.  ( ’.  which  is  the 

systems" cost  (the  dollar  eosl  ol  the  strategic  system  nseil  to  destroy  a  pieserthed 

v.  ••  - 

inietion  of  the  enemy  large!  system  I.  Next  we  have  the  inputs,  the  numbers  that 
describe  the  strategic  system  (the  missiles  and  basin;1.,  in  lliis  ea.se!  and  the 
environment  in  which  the  system  will  iivi: 


1  The  niudi.l  used  in  tile  example  presented  in  Appendix  B. 


u.  !|  win  \m>  iiuv,'  m  slum  i  miiniNi,  (>7 

R  ground  reliability .  the  traction  ol  mails  missiles  w  hich  actually 
lire. 

r  air  rclinhilitv.tihe  fraction  ol  missiles  actually  I  ire;  I  that  tio  not  have 
to  he  ilestroseil. 


cost  coefficients  (roughly  speaking, 
thy  cost  of  maintaining  a  missile  in 


the  cost  per 


nissile  tiro  I  anil 


a  measure  of  the  encmv  ilefense  strength  anil  of  the  offense 
"  vnlnerahilil v. 

T  .  the  total  number  of  targets  in  the  target  system  '. 

the  expected  mmilier  of  hits  per  target  needed  to  give  the  required  ■ 
eonliilenee  that  I  he  desired  traction  of  these  targets  has  been 
destroyed  3. 

In  some  cases  these  simple  symbols  each  represent  a  complex  set  ol  related 
variables  for  example.  (  ;  depends,  among  other  things,  on  the  lime  required 
to  repeat  a  salvo,-,  and  (  u  depends  upon  the  t  ind  and  yield  of  the  warhead. 

Third,  we  have  the  operational  variables,  those  elements  which,  do  not 
represent  .the  design  characteristics  of  the  oilc.nsc  system  hut  rather  the  way  m 
which  the  system  is  operated  in  the  campaign.  We  have 


in  the  number  of  missiles  made  icadv  for  firing  on  each  salvo. 


A  the  probability  that  a  delivered  waihead  will  destroy  the  target. 

1  Ins  includes  the  target  characteristics,  the  weapon  yield,  and  the 
guidance  accuracy  (through  another  model!). 

finally,  and  somewhat  incidentally,  there  are  two  quantities  in  the  model 
above  that  aie  superfluous,  in  the  sense  that  they  could  he 'replaced  by  eqtii 
valent  expressions  involving  the  inputs  and  opeiatiohnl  variables.  Nevertheless, 
il  is  convenient  to  exhibit  them  explicitly,  and  we  have 

N  the  nuuibei  ol  salvos  in  the  campaign. 

ii 

"  the  probability  that  a  .missile  survives  to  Me  target. 

Iti  the  retd  world  the  values  o!  these  operational  vat;  aides  are  decisions  (hat. 
in  large  part,  need  not  Ik  made  now  while  we  aril  deciding  questionsjiol _n's|ssilc 
selection  (or.  in  some  other  study,  questions  ol  development  and  proem  ciricie.,, 
sav).  1  hese'decisions  will,  instead,  he  postponed  until  I  hi*- system  is  actually  used 
in  anger.  The  model  must  iake  into  account  the  operational  variables,  inr-the 

a  In  Appendix  B.  7  -  10(1.  .  "  % 

In  Appendix  H.  " 


(>K  1II  MI  NIS  ANO  MP.THODS  |ll.  4 

dilferent  system.-,  may  require  different  operational  patterns  in  order  for  each  io 
display  iis  best  performance.  That  is,  we  must  compare  the  per I'm mance  of 
various  systems  when  each  is  operated  in  its  optimum  manner. 

We  shall  consider  a  model  to  he  a  black  box  into  which  we  feed  inputs 
(reliabilities,  defense  strengths.  etc. I  and  out  of  which  we  get  outputs — the 
systems  cost  in  our  missile  selection  example.  The  model  is  a  delihei ately 
simplified  picture  of  a  piece  of  the  real  world;  from  iis  output  we  seek  guidance 
■J.  for  some  decision  problem  in  tnc  real  worid. 

!n  the  example'abnve,  the  mode!  consisted  of  a  set  of  equations.  'This  is  not 
always  the  case.  In  other  instances  the  model  exists  in  the  form  of  n  collection 
of  How  charts  anil  computer  codes.  There  are  still  other  possibilities,  blit  before 
looking  at  them  let  us  consider  some  things  that  characterize  tin-  process  of 
building  a  model  of  any  sort. 

When  we  sav  that  jin  analyst  builds  a  model  of  a  part  of  the-  real  world, 
we  mean  that  \ 

1 .  He  decides  which  factors  are  relevant  to  the  questions  his  study  is  attempting 
lo  answer. 

2.  from  these  he  picks  the  quantifiable  factors  -  those  that  can  be  described 
numerically 

*3.  This  list  is  cut  down  to  size  by  aggregation. 

4.  The  relations  between  the  elements  are  spelled  out  quantitatively. 

This  activity  is.  in  pari;  what  anyone  does  who  thinks  about  a  problem.  (We 
have  been  speaking  prose  all  our  lives  without  realizing  it.)  The  model  builder 
merely  does  these  things  explicitly  and  quantitatively —his  assumptions  laid  out 
on  the  table  for  any  man  to  inspect  and  criticize. 

Let  us  look  at  each  of  the  four  parts  of  bur  definition  of  moejel  building, 

4. 1 .-  Ui;<;idim(.  wiurii  i  a<  rows  ari;.  uhivani 

Take  a  missile  selection  study  as  an  example.  We  might  begin  hv  trying  to 
draw  up  a  list. of  all  the  elements  in  the  situation  that  might  be  relevant  to  our 
problem.  Later  we  may  discard  some  of  these  on  the  grounds  that  they  do  not 
really  matter  after  all.  Hut  at  the  beginning  ,yve  can  try  to  he  fairly  inclusive. 

Our  list  will  probably  begin  as  a  chaotic  mish-mash:  the  guidance  for  Soviet 
antimissile  missiles;  new  base  construction  and  manning  for  soipe  of  the  ojfense 
systems;  future  weapon  technology;  the  geographic  distribution  of  the  la i gel 
•system;  physical  vulnerability,  the  likely1  strength  of  defense,  and  pre-strike 
reconnaissance  requirements  of  the  targets;  and  so  on.  Each  fit  these  items  can 
in  turn  be  expanded  into  many  subitems.  Our  list  is  long  and  probably  contains 
some  irrelevant  items  that  will  not  influence  our  choice  of  weapon  system.  \\fe 
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look' fur  these  irrelevant  items  and  weed  them  out  it  we  can  i  dcogni/e  them  at 
this  stitge.  Unfortunately,  neither  decisionmaker  nor  analyst  may  know  which 
factors  are  the  critical  ones  until  the  analysis  is  finished.  In  fact,  one  important 
function  of  the  analysis  may  he  exactly  this:  to  show  which  factors  are  important 
ami  which  have  little  eifecl. 

As  a  small  example  of  this,  consider  one  detail  which  appears  frequently  in 
missile-aircraft  comparisons*.  To  estimate  the  systems  cost  to  destroy  some 
fraction  of  the  total  number  of  targets,  the  targets  are  often  assuini-d  to  he  of 
equal  value.  Targets  in  the  real  world,  of  course,  are  not  of  equal  value.  How¬ 
ever,  assigning  to  the  targets  lumunifurm  values,  as  measured,  snv,  by  the 
capital  investment  represented  hy  each,  may  lie  shown  in  the  particular  model 

being  used  not  to  alfeet  the  systems  cost  or  the  cost  comparison  significantly. 

.1 

4.2,  Slit  r.ciiNCi  oii.xn i u  i.uii. t  i  a (  i i ms 

For  many  of  the  factors  on  our  list  we  can  find  numbers;  for  some  of  them 
we  can  even  find  good  numbers.  But  tor  some  aspects  of  the  problem,  numbers 
will  just  not  exist.  In  the  study  of  deterrence,  for  example,  what  ell’ecls  will  the 
location  of  missile  systems  at  various  overseas  bases  have-on ’the  stability  of  our 
political  alliances?  Or  vice  versa,  how  do  political  considerations  hear  upon  the 
feasibility  of  various  base  locutions?  \Vhni  is  the  probability  of  the  loss  of  some 
or  till  of  our  overseas  base  rights  through  a  change  in  political  alignment  or 
through  atomic  blackmail?  The  analyst  may  say  that  these  arc  aspects  of  the 
problem  that  he  will  not  he  able  to  quantify. 

We  began  by  saying  that  we  would  throw  out  of  our  considerations  till  the 
it  relevant  factors— all  (or  almost  all)  the  things  that  would  not  affect  our 
decisions.  Now  we  see  that  wo  must  also  leave  out  of  the  model  some  elements 
that  may  he  relevant,  dial  may  he  essential  for  our  problem,  i  hese  factors  are 
omitted  for  either  opd-  of  two  reasons: 

it 

the  nature  of  the  beast  they  are  gist  not  suited  to  numerical  meusuies,  or 
the  limited  knowledge  and  ability  o!  the  analyst — who  is  not,  after  all,  as 
omniscient  as  his  final  repot l  may  suggest. 

We  have  mentioned  that  it  may  he  dillicult  to  tie  numbers  to  the  politics  of 
base  iejeation.  i  he  enemy  s  leuciion  and  Ins  shift  m  dclcm  ■»vj  vvciipolis  in *'!  Jcii 
as  we  change  our  oifense  vehicles  may  lie  quantifiable  in  principle,  hut  a 
formidable  problem  in  practice-  one  that  is  ol  ten  passed  uvea  in  silence.  Mixed 
force, k  anti  lime  phasing  may  he  left  out  ol  the  model  because  oi  the  computa¬ 
tional  difficulties  they  introduce.. 

i  lie  analyst  wlm  omits  some  elements  from  his  model  on  the  argument  that 


-  Sec  Appendix  li. 
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t lit- \  clu  iuh  laid  themselves  in  mimci  ical  studv  mil'll  ho  \orv  sure  that  lie  is  not 
merely  shirking  the  haul  j'luhleiiiv  \innv  tilings  tli.it  seem  obviouslv  u n - 
mensurable  are  in  tael  aineiiahle  to  counting  and  numbering.  I  \on  it  we  cannot 
estimate  nnnioi  icnllv  the  political  slahililv  of  our  iwerscas  base  s\stciu,  we'mav 
still  he  able  to  measure  the  cost  ol  depending  on  that  slahiliu.  In  an  actual 


mi  .m!,-  v.-l.*  •!  is  s 
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;i  variety  ol  assumptions  about  the  loss  ol  overseas  bases. 

1  hoso  elements  omiu.01!  I  t  on*  the  model  are  not  ieall\  discarded:  thev  are 
merelv  lik'd  awav  in  a  ilillerent  piueoulioK1  one  marked  'Tor  I  aier  (  Twisidera- 


i ion“.  When  later  in  the  suuh  we  e.\ 


ill.  till  11’ 


.nits  derived  Iron)  our  model 


and  trv  to  draw  eoticlusioiis  am!  reeoiiHiieiKlations.  or  when  we  assemble  and 
relate  lhe  results  Iroin  the  several  models  t li.it  .m.i-.  describe  varmus  pieces  of 
our  prohlem.  Ilien  we  shall  have  to  do  some  hard  thinking  and  lelnle  these 
results  to  ih-.  elements  that  were  omitted  from  quantitative  'analysis.  Do  lhe 
polities  ol  base  location  support  our  conclusions  oi  do  they  argue  against  them? 
lhe  important  tiling  here  is  to  recognize  explicitlv  those  absentee  clemenis. 
those  facets  oi  lhe  problem  that  have  Iven  omitted  Irom  the  -model  became 
they  are  dillieull  to  quantify. 


4..1.  (  ONIll  NSINIl  I.IIIAN'I  I!  I  Mill  .  KI.M.VANI  I  \<  I  OKS  til  A<i(  iRUCA  t  ION 

I  et  lis  illustrate  (Ins  pioccss  In  one  pail  ol  the  i"  ample  w  ith  which  wv  began 
the  costing  ol  the  slralcgic  s\ stems.  I  lie  initial  lisi  ol  all  possible  ilcnis  to  hr 
coslcii  is  an  cmhnrrasMligk  long  one.  We  have  cost',  lor  maintenance  equipment. 
Iclcpi  inters,  switchboards,  personnel  pay  and  allow  a  pees,  spaies.  base  leal  estate, 
fuel.  Iiueks.  cranes,  training  laeilitics.  housing,  in.dieal  lae.ililies.  Ilu:  pro  rata 
share  ol  die  updating  costs  of  the  Strategic  Air  Command  Headquarters,  of  the 
Aii  Materiel  (  omiiiaiul,  ol  rami’)  even.  And  many  others. 

litis  lisl  ean  he  chopped  down  to  si/e  In  neglecting  sonic  of  the  items  tli.il 
will  not  vary  ovu  om  seveial  strategic  missile  svstems  iuid  hv  aggregating  Lhe 
rest  imdei  a  lew  category”--.  |  rucks,  i  nines,  power  , units,  weapon  dollies, 
handling  slings,  teletype  equipment,  switchboards  -these  ;uv>;  otiier  items  call 
all  he  lumped  into  the  organi/alimi  equipment  ol  I  he  squadron.'  I  milling,  costs, 
p.u  ami  allowamvs.  and  Ij’avcl  are  all  included  in  personnel  cost  ..  I  he  cost'-  ol. 
the  insinuation's  maintenance  supplies,  personnel  supplies,  orgaiii/alional  equip 
men!  mpphes.  eoi  etc.  are  grouped  nuilu  the  icmi  "Initial  Stock  level  . 

I  hr,  linn.  ,n  i 1 1 i,.i i .  becomes  pari  id  die  laigc.i  eaiegmv  “Sioeks  . 

flow  tar.  we  go  in  this  pioeess  of  lumping  together  Hi  vet  sc  items  into  a  iew 
ealegoiies  depends  oil  the  pailicula'r  study  we  aie  making,  and  lienee  on  the 
amount  of  detail  we  require,  in  one  study  we  may  arrive  at  a  list  nt  cost  eleiiieuts 

I’elinleilni,  nil.  and  lulu Scants. 


II-  ‘1  I  Will'  MsO  IlOU  Cl  MODI  i  111  II  HIM.  ■■  71 

I  1 

comprising  installations,  major  equipment.  minor  equipment.  stocks,  transpor¬ 
tation.  pci Mimicl.  iiiaiireiiai.ee.  rot.  senice  and  miscellaneous,  and  overhead. 

We  now  take  a  long  jump  forwaid.  We  ask:  I  low  far  t  an  we  go  in  our 
process  of  aggregation,  of  lumping?  What  are  the  really  relevant  costs? 

I  iobahh  i-.ot  i iistiuliii iuii ,  equipment,  .stocks,  and  so  on.  lint  what,  Ihen  ! 

i  here  is  no  single  solution  lo  this  problem  of  determining  the  relevant  costs  - 
oi ,  more  geueralls,  tin-  relevant  variables  of  anv  sort  lor  the  solution  ilepejids 
on  the  use  to  which  the  model  is  to  he  put.  on  the  questions  to  he  asked  of  the 
systems  analysis. 

in  the  example  we  are  considering,  von  will  recall  iliai  all  costs  weje  i educed 
to  just  two  coefficients,  (',  and  ("u.The  cost  eoellieienl  <'1/is  just  t),ie  cost  per 
missile  usecj  dining  the  campaign.  We  might  have  two  campaigns,  in  each  of 
which  the  same  number  ol  missiles  were  lirqd.  bill  in  which  one  campaign  used 
Sunday  punch  lactic  -'all  targets  attacked  on  the  first  sal\o— •  while  the  other 
campaign  stretched  out  over  ionic  period  of.  lime.  (Remember  tluir  in  this 
idealization  the  enemy  does  not  damage  out  bases  between  salvos.)  Clearly,  the 
lust  campaign  requires  more  bases;  more  maintenance  facilities,  and  quite 
dilferent  costs.  Ihal  is,  m  addition  to  costs  that  are  proportional  to  the  total 
number  of  missiles  tired  during  a  campaign,  there  ate  costs  that  depend  on  the 
number  of  missiles  made  ready  for  each  salvo;  this  cost  per  missile  made  ready 
for  a  salvo  is  denoted  in  the  model  above  hv  (  y 

And,  finally,  there  are  "overhead''  costs  that-  depend  neither  on  (he  total 
number  oi  missiles  used  nor  >m  the  number  mounted  on  a  single  salvo  These 
costs  would  include,  lot1  example,  a  pro  rata  s’naic  of  the  operating  costs  of  the 
various  supporting  oi gani/bilious  in  a  command,  such  as  major  command  head¬ 
quarters,  pci  sound  processing  squadrons,  radar  calibi  alior  squadrons,  and  so 
on.  I  his  overhead  cost  was  not  repicsented  in  the  model  above  because  the 
assumption  was  implicitly  made  that  it  would  be  essentially  the  same  for  the 
competing  systems.  ■" 

Notice  whcle  we  ale.  We  have  replaced  the  leal  world  or  at  least  that 
tremendously  important  and  equally  thorny  part  of  it  dealing  with  cost',  hv  an 
idealized  system  involving  just  three  numbers:  die  total. . systems  cost  and  the 
two  cost  eoellicients  (  L  and  Cv-  We  have  found.  we  hope,  the  n  levant 
laclois.  and  we  have  luiilt  a  model  ioi  the  costing  ol  oui  msnm,. 

(it  course,  i  nave  made  tin:  process  of  hmidtng  the  eosling  model  :  look  much 
simpler  than  it  re. illy  is.  To  delcimiiic  the  cost  em-llic n-nis  lot.  each  system 
studied  takes  all  the  experience,  judgment,  intuition,  and  guesswork  that  can  he 
pinvidcd  hv  kind's  Cost  Analysis  Department  working,  iog.ethei  with  the 
I  higiiif'.-ting  depailments.  I  his  "is  pat  lii.ulaiiy  line  when  we  are  attempting  to 
estimate  costs  for  a  system  projected  into  t tic  future,  to  cost  the  opet ifiious  of 

V- 
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a  system  that  has  not  yet  operated  is  not  a  job  for  either  the  uninformed  or  lor 
the  timid.  In  fact,  the  costing  expert  lives  a  more  hazardous  life  than  does.  say. 
the  missiles  expert  who  lias  merely  to  estimate,  with  the  aid  of  a  very  cloudy 
crystal  ball,  the  reliability,  accuracy,  and  ither  characteristics  ol  his  missiles. 
Both  men  must  go  out  on  a  limb,  but  the  costing  expert  knows  that  iiie  may 
well  prove  his  estimates  in  error  long  before  it  confronts  his  missiles  colleague 
(if  ever  it  does)  with  the  evidence  of  his  fallibility. 

4.4.  C)uan rti  a  ini.  ki  i  ations  ni  rwi  i  N  hi.imi  nis- 

laving  come  to  some  tentative  conclusions  as  to  what  the  relevant  factors 
are.  we  must  now  do  some  thinking  about  the  way  in  which  these  various 
elements  interact.  In  some  cases  the  cITcct  of  a  factor  upon  our  conclusions  is 
fairly  evident,  hut  in  many  cases  the  interrelations  between  factors  are  not 
simple  and  the  effects  are  not  obvious.  This -does  not  mean  that  analysis  makes 
intuition  .unnecessary.  On  the  contrary,  vve  must  intuit  our  way  through,  the 
problem  using  analysis  to  make  our  results  precise,  to  sharpen  our  intuition, 
and.  occasionally,  to  show  us  that  our  intuition  is  fallible. 

If  we  relax  the  accuracy  rctpiircd  of  a  missile,  that  is,  increase  the  allowed 
Circular  Probable  Error,  one  effect  is  to  increase  the  total  cost  of  doing  a  given 
job.  I  his  increased  cost  may  be  paid  in  dollars  or  in  fissile  material  or  both.  We 
could  send  decoys  along  to  inciease  the  probability  that  the  bombing  missile 
i caches  the  large!  and  thus  make  il'j’  for  the  lowei  probability  that  a  delivcivd 
warhead  destroys  the  target  (remember  that  wo  are  now  dealing  with  a  less 
accurate  missile  guidance  system).  Alternatively,  we  could  attack  the  target  again 
on  a  later  salvo  if  the  guidance  errors  resuit  in  a  miss  on  the  first  salvo  Or,  we 
could  increase  the  yield  of  the  warhead. 

We  cannot  say  how  important  the  direct  elfe'et  of  lower  accuracy  on  increased 
cost  is  until  we  have  estimated  its  magnitude.  Suppose  we  accept  a  missile  with 
|t!  ()(l()  ft  as  its  expected  miss  distance  instead  of  demanding  50i)t)  It.  Which  ol 
the  three  wavs  just  mentioned  ol  making  up  for  the  lower  accuracy  is  cheapest ? 
How  much  does  each  cost  in  dollars,  in  fissile  material?  And,  what  sort  ol  trade 
between  fissile  material  and  dollars  is  implied  here? 

If  the  direct  clfeel  of  a  less  accurate  missile  guidance  systenl'  is  to  increase 
costs;,  there  is  an  indirect  elleri  I  tv:  ■  i  mav  work  in  iiisl  the  opposite  direction. 
A  less  accurate  guidance  system  may  mean  a  simpler  system,  and  .a  simpler 
■system  is  very  lihelv  to  be  a  more  reliable  one.  A  moment  ago  we  weie  trailing 
guidance  error  for  lissile  material  oi  dollars.  Now  we  sec  that  guidance  error 
and  reliability  may  also  he  objects  of  barter.  Iiicrcasifd  reliability  means  lower 
costs,  again  either  in  dollars  or  Ibv-ile  materim  or  both,.  An  increase  in  iclisibility 
plays  much  the  same  role  as  a  decrease  in  enemy  defenses,  flic  reliability 

increase  may  be  even  a  bit  more  desirable,  ior  the  missile  that  goes  astiav  and 

■I  ■ 


u.i  -+J  why  and  now  oi  Mont.i.  licit  imno  /< 

attacks  the 'North  l’ole  lias  not  even  exercised  the  defenses.  A  second  oiled  of 
simplicity  is  that  development  time  may  he  decreased;'  the  simpler  and  more 
reliable  but  less  accurate  system  may  be  available  some  years  before  its  more 
complex  counterpart.  We  find  ourselves  trading  not  only  dollars  and  fissile 
material,  but  time  as  well.  What  are  the  rates  oi  exchange  and  are  they 
favorable?  These  an-  questions  that  will  be  difficult  indeed  to  answer,  even  with  l 
analysis,  and  almost  impossible  if  we  rely  only  on  intuition  and  unbuttoned 
judgment.  ,. 

Let  us  examine  a  second  example  of  the  difficulties  we  gel  into  in  trying  to 
see  bow  our  various  factors  are  related.  Consider  a  strategic  campaign  con¬ 
sisting  of  a  series  ol  identical  salvos,  in  each  of  which  the  same  number  of 
targets  is  attacked,  say  20.  To  be  explicit,  let  us  assume  that  four  missiles  are 
sent  against  each  target  to  allow  for  reliability  failures,  attrition  due  to  enemy 
defenses,  and  guidance  error.  If,  now,  we  increase  the  number  of  targets  attacked 
on  each  salvo,  then  several  things  happen.  I  he  total  number  of  salvos,  and  thus 
thy,  length  of  the  campaign,  decreases.  The  number  of  missiles  engaging  the 
defenses  on  a  salvo  increases,  these  defenses  are  more  nearly  saturated,  and 
thus  the  probability  that  a  missile  survives  to  reach  the  target  is  now  greater. 
We  may,  in  fact,  he  able  to  economize  on  our  four  missiles  per  taigel.  The  total 
number  of  missiles  used  in  the  campaign  to  destroy  a  given  target  system  may 
decrease,  and  we  have  thep  a  corresponding  decrease  in  the  total  cost  as 
measured  in  dollars  and  lissile  material. 

But,. on  the  oilier  hand,  to  launch  a.  greater  number  of  missiles  on  each  salvo 
calls  for  more  launchers  and  thus  for  increased  support  and  logistic  costs. 
Whether  or  not  these  overbalance  the  decreased  cost  of  missiles  and  warheads 
used  is  not  obvious.  We  started  lay  considering  a  change  ill  only  one  variable, 
targets  per  salvo,  and  we  find  ourselves  in  a  situation  in  which  all  is  lln.s 
number  of  missiles  per  salvo,  length  of  campaign,  best  number  of  missiles  sent 
to  each  target,  missile  cost,  support  cost.  All  of  these  elements  are  inter¬ 
connected.  and  the  man  who  ran  intuit  his  way  Ihioiigli  this  situation  is 
rare  indeed. 

4.5.  Mom  i  nuiiniNi.  and  inr.  ki-.ai.  worn  d 

■I 

The  analyst  can  heir,,  the  decisionmaker  in  other  waVs  besides  fjuikling  a 
model  and  using  it  ly  help  analyze  a  problem.  Lhe  analyst  can  ft'irnisn  a  collOc- 
f iiiii  ot  empirical  data,  or  be  can  write  a  "think  piece";  hut  even  in -tfiese,  some 
aspects  of  the  model  building  process  appear,  l-oi  theie  is  unlimited  empirical 
data  and  the  veiy  process  ot  choosing  some  iof.  presentation.  andS  discarding 
others  involves  implicit  assumptions  as  to  what  is.  ipipui  iani,  what  eojhsideratioiis 
are  relevant,  what  variables  may  he  interrelated.  Again,  in  a  "thii^k  piece”  title 

decision  process  may  he  broken  down  info  stages.  It  may  he  pointful  out  to  the 
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dceisiiinmaker  what  decisions  must  he  made  at  each  stage.  what  are  the  relevant 
(actors.  and  what  arc  the  likely  outcomes.  However,  we  will  use  the  term  model 
to  refer  to  the  explicit,  quantitative  variety. 


I  he  m- 'del  we  invent  w  ill,  el  course,  depend  on  the  thine  being  modeled 
.the  part  i  i  the  real  world  in  which  we  are  interested.  Bui  this  is  not  all.  There 
is  not  a  mii-jIc  model  for  strategic  missiles,  another  for  the  tactical  air  war.  and 
so  on.  What  model  we  design  depends. also  on  what  questions  are  t is  he  asked 
of  the  model  am!  what  decisions  are  to  he  given  some  guidance  by  the  use  of 

ii.,  .. —  i  .1  . i  .u  . .  \-  i.  j,.,  ,,ii 
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lions,  is  ii  i  her.  we  have  in  iailm  the  model  to  lit  thy  question-.. 

let  us  illustrate  this  p#int  by  considering  a  study  made  hv  the  Martian 
counterpart  of  rand  concerning  I  lying  Saucer  Systems.  This  study  is'  about 
flying  saucers  made  on  Mars  and  dispatched  on  pioneer  reconnaissance  flights 
to  tire  l  Iniled  States. 


While  the  saucer  is  being  built,  it  ntiiv  represent  to  the  costing  expert  only 
a  pair  of  nmnheis  -  its  set  iaf.  number  in  the  production  ol  this  model  and  the 
number  of  man-hours  (or  Martian  Avt  required  to  |\rodlice  it,  These 

numhers  are  the  essential  ones 'in  determining  the  learning  curve  with  which 
future  costs  mav  Ire  estimated. 

Alter  pioducliirn  lire  saucer  is  shipped  to  the  depot  by  boat  canal  boat, 
naturally.  Here  the  saucer  can  be  replaced  by  a  different  set  of  numbers — linear 
dimensions  and  weight,  together  with  the  freight  classification  (.IB  in  the  ease 
of  saucer-.).  I  he  machinery  of  the  model,  in  this  ease,  consists  merely  of  the  set 
of  lahle'-  that  .give  height  rates  in  teiins  of  weight,  cubage,  classification, 
and  ionic. 

Aflet  the  saucer  has  been  latmehiiul  and  is  in  iiee  Might  in  the  gravitational 
holds  of  Mar.s,  I’arth.  and  Sun.  not  to  mention  I 'hobos.  IVimos,  and  Lima,  a 

•  I 

discussion  uf  trajectory  necessitates  a  dilTorcnl  .model.  I  lie. saucer  can  now  he 
ideali/ed.as  a  point-mass  having  position  and  velocity.  Auv  practical  .man  could 
object  that  we  are  being  quite  unrealistic;  that  we  me  neglecting  si/.c.  lihape. 
material;  I  hat  the  smicei  has  a  span  of  100  ft.  is  colored  hiigiit  red.  and  carries 

‘l 

■it  crew  of  three,  lint  these  things  have  little  elleel  on  Ihe  answers  to  the  questions 
we  ask  of  this  model.  Ihe  interrelation';  between  the  Taetors  o;|  the  model  that 
. is.  to  sav.  the  inner  machinviv  or  structure  of  the  model  mav  he  given  hv  a 
L’otiipi'ong  sihedule  expressing  Newtonian  gravitation.  Inti>  this  schedule  we 
enter  positions  and  velocities  and  liom  il’we  calculate  future  ptitli. 

I  lie  saucer  now  enters  (lie  earth's  atmosphere  and  becomes  an  object  ol 
interest  to  the  aerodyriamieisi  rather  Ulan  to  the  astronomer.  W liege  our  last, 
model  was  that  of  a  point  mass,  we  now  have  to  deal  with  sliap^c  and  drag 
eoellicient  as  wyll  as  velocilv. 

It  the  An  Control  and  Warning  network  of  the  Air  Defense  Command  picks 
up  the  saucer  on  its  l  arlv  Warning  radar,  then  the  saucer  is  merely  a  radar 
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echoing  area  as  determined  by  material,  size.  form,  anti  aspect. 

I!  tile  saucer  proves  to  he  hostile  anti  an  interceptor  makes  a  tiling  pass,  then 
a  ililleieni  niuiici  comes  iiilo  pi:jv.  i'oi  viilnei  ability  caiculalions  vve  are 
interested  in  the  two-dimensional  profile,  fuel  storage,  and  other  vulnerable 
components. 

And  so  on.  T  he  same  part  of  the  real  world  may  he  modeled  in  many  wavs. 
I- actors  relevant  to  one  model  may  he  completely  immaterial  to  another. 

l  et  Us  consider  another  example.  As  man  begins  to  flv  outside  the  atmosphere 
-at  altitudes  above  50  OOn  ft.  <|ay — problems  of  aviation  medicine  become 
important  that  were  not  as  pressing  at  lower  altitudes.  Imagine  a  group  of 
experts  in  aviation  ..medicine,  eachn studying  a  different  set  q,f  problems.  To  one 
expert  the  pilot  is  an  analog  eonjpuler.  He  has  inputs  through  the  senses  of 
hearing,  sight,  touch,  and  balance,  t  he  outputs  of  this  computer,  the  responses 
to  the  inputs,  are  the  Dilutions  by  which  the  pilot  controls  the  aircraft.  Inputs 
and  outputs' are  related  through  the  pilot  s  transfer  function.  In  one  model, 
highly  simplified,  the  relation  between  input  and  output  is  taken  to  he  the  same 
as  the  relation  helween  input  and  output  voltages  of  an  eleetrieal  circuit  con¬ 
taining  a  resistor,  inductor,  and  capacitor,  together  with  a  time-lag  device. 

Another  medical  expert  is  concerned  with  the  fact  that  the  center  of  this 
pilot-computer,  the  brain,  must  he  kept  in  a  sheltered  environment,  protected 
from  external  stresses.  While  the  temperature  outside  tlu;  body  may  vary  from 
40"  to  120’  1',  the  temperature  of  the  brain  computer  is  held  constant  within 
1  I  I  hy  sweating,  radiation  from  the  skin,  other  reactions,  and  fat  insulation, 
together  with  a  servo-cool  ml  mechanism  within  the  (tody,  the  model  used  to 
dcsciibe  and  analyze  this  system  will  he  quite  dillerenl  Ironi  the  preceding  one. 
Still  a  dilfcrenl  model  will  he  used  hy  the  cardiovascular  specialist  to  study  the 
constant  blood  llow  to  the  bi.iin.  And,  finally,. consider  the  problem  of  projecting 
the  pilot’s  brain  from  mechanical  shock.  The  brain  is  suspended  in  the  cerebro¬ 
spinal  fluid,  encased  in  the  thick  cranial  vault,  mounted  An  a  curved  spine  with 
■its  springy  inten'ertebrai-  discs,  all 1  resting  on  a  padded  posterior.  A  simple 
model  and  an  adequate  one  lor  some  pin  poses  is  dial  of  a  mass  connected 
bv  a  spring  to  a  movable  platform.  I  bis  same  model  happens  also  to  he  used 
sometimes  to  discuss  the  motion  of  a  .budding  during  :m  earthquake." 

And  so  we  see  that  many  dili’crvni  models  tnav  he  used  to  represent  the  same 
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Note.  h\  the  wav.  that  this  last  model  (lie  mass  connected  hy  a  spring  to  a 
movable  platform  hears  little  resemblance  to  the  missile  selection  model  we 
first  discussed,  a  model  which  consists  ol  a  few  ■mathematical  equations.  I  hose 
two  models  do.  however,  have  some  important  features  in  common:  Both  are 
idealized  representations  of  some  aspects  ol  the  real  world;  both  aie  imitations 
of  systems  in  the  real  world,  imitations  that  can  he  manipulated  either  analyli 
tally  or  mechanically:  and  both  neglect  many  features  of  the  situations  they 


i  i  i  mims  \.m>  m  :  i  nous 


/<  i 

represent.  1  liis  neglect  does  not  rule  out  (lie  usefulness  of  the  models  when 
shaken  well  and  taken  aecording  to  directions:  it  merely  limits  their  fields  of 
usefulness.  Both  models  lie  logitlicr  a  number, of  quantities  whose,  interrelations 
are  too  complex  to  he  readily  intuited  in  the  one  case,  quantities  sueh  as 
defense  strengths,  cost  coefficients.  and  reliabilities:  in  the  other,  lorces,  dis 
placements,  anil  elastic  coefficients.  expressed  otherwise,  each  model  allows  us 
to  spccitv  ilic  value  lit  inputs  mill  tlum  to  compute  or  measure  Un*  value  ot 
outputs  (systems  cost  in  one  ease,  motion  of  a  mass  in  the  other,  say).  Both 
models  yield  these  output  \  allies  wiili  impiessive  accuracy  and  tissuranee.  I  his, 
however,  must  not  mislead  us  into  supposing  that  we  know  tile,, corresponding 
Lilian iilies  in  tile- real  woilil  w  ith  eomparahle  accuracy  and  assurance.  What 
relev-iinee  the  results  from  the  model  have  lot  the  real 'w  orld  depends  upon  the 
wisdom,  judgment,  and  skill  which  the  model-huildcr  exercises  in  choosing  the 
assumptions,  the  variables,  the  relationships,  and  the  numerical  values  employed 
in  tl ic  model, ' 

You  may  recall  that  the  missile-select ion  model,,  the  one  used  ill  Appendix  B, 
involved  wiun  we  called  operational  variables  such  things  as  the  number  of 
targets  attacked  on  each  salvo  and  the  number  ol  missiles  assigned  to  each 
taigel.  Now  this  particular  model  is  sullieieulK  simple  and  designed  with  slit 
licienl  cunning  that  lire  optimum  values  of  these  opcialiona!  variables  mav  he 
determined  atitilytically,  in  the  same  way  that  a  calculus  sludcni.  dean  mines  the 
highest  point  on  a  cuivc.  In  other  models  we  might  determine  such  optimum 
values  by  calculating  main  eases  w  ith  the  help  o!  computing  machines,  digital 
or  analogue.  Ill  still  ot'iei  eases,  Imm.iil  judgmi-u!  is  US,'.!  to  mine  nl  what  are  ' 
hoped  to  he  good  values  o!  some  variables. 

I  hat  is  to  s.ay,  we  can  have  a  model  m  which  a  human  is  an  inleglal  pai  l  u! 
the  machinery  of  the  model.  We  van  make  the  man  part  ol  the  model,  Im 
example,  by  giving  him  potentiometer  knobs  to  twist  and  iliais  Irom  which  to 
lead  the  values  of  variables  in  an  analogue -computer.'  'lie  man  continually 

•  '  '  ....  jl 

interacts  vvilh  the  other  elements  of  the, model:  when  lie  turns  the  potentiometer 
knobs  he  nlVeels  the  lest  of  the  machinery  In  changing  Hie  values  ot  mimic  of  . 

»  >  i 

the- variables  in. the  model,  in  linn,  the  rest  ol  Ine  machinery  aMceis  the  man  as- 
lie  reads  from  the  dials  the  values  ol  vanahles  ol  the  model. 

If  our , model  includes  two  .nr  moie  ot  these  human  decisionmakers  engaged 
in  a  competitive  struggle,  then  we  say  dial  we  have  a  vyni  game,  In  one  such 
exanii do  al  HAM),  if  vou  were  one  nl  the  humans  used  you  would  lind  vmiisell 
i.asi  in  ihr  roR*  of  n  theater  air  coi  i  niiam  Rr  « lc*c  i « I  i  i  s  l*  how’  to  allocate  yom  loircs 
ol  fo’.liiiris.  fi‘ihtcf'-homhcr:i.  'huml tact ical.  missiles.  ;im.l  almoin  weapons  io 
enemy  ian;cls  of  airfields,  supply  lines,  ami  hoops.  Yum  opponent  has  similai 
decisions  lo  make,  and  llie  (wo  Ol  you  sil  Iwisliiu*  polcnlit^Miel.a  knobs  lo 
alloeale  ihe  desired  percentages  of  your  loices  io  (he  several  larecls. 

*  |  his  model  is  one  in  which  the  Red  and  Blur  placet  n  arc  inten.nil  pails 
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together  with  the  mechanical  cicmenls.  thy  player*  use  judgment  :iml  intuition 
throughout  the  game  to  make  decisions  about  the  operation  ot  their  ioiccs. 

Tint  if  the  lnimanvure  iiuhspensahle  to  this  model.  so  also  is  ihe  niachinery. 
The  man  plavs  a  limited  role.  Me  is  no!  free  hut  i.iliier  is  bound  hv  all  the 
constraints  of  the  model:  constraints  that  have  been  built  into  the  machine  to 
represent  the  results  of  component  studies  on  rations  pieces  of  the  problem  anil 
the  pooling  of  experience  and  judgment  concerning  portions  of  the  problem. 

■idi  II  t  -M.  \N  Il'IXiUlNI 

1  J 

II  is  possible  lii  use  the  spirit  of  war  gaming  without  the  formal  paraphernalia. 
For  example,  in  analyzing  the  nrohlem  of  delense  of- the  United  Slates  against 
attack,  a  rand  aiv.t'vsi  thought  lluougii  the  problem  from  the  delense  stand 
pci  ini.  Me  (hep  changed  hats,  menlal.lv.  and  did  his  best  as  the  Red  commander 
to  heat  the  defense  .system,  then  he  pot  tile  defense  commander's  hat  on  once 
more  and  liiod  to  cotmiet  the  best  ollense  threat.  And  so  on.  Ibis  use  of  the 
spirit  of  warranting  of  tree  eompeiiiion  mas  often  he  the  most  valuable 
conti  iluition  that  gaming  has  to  make  to  a  given  problem,  if  a  stall'  is  planning 
tile  possible  deployment  of  a  mobile  tactical  force  to  use  in  a  periplicr.il  war. 
then  i be  stall's  best  man  should  lie  givendhe  thunkles'l  jolt  of  lighting  the  plan, 
of  acting  ax  obnoxious  opponent  and  obstreperous  umpire.  And,  just  as  it  is 
possible  to  have  eompeiiiion  without' a  formal  game,  it  is  also  possible  to  go 
through  ihe  motions  oi  a  game  without  u-aliy  having,  tree  competition,  l  ot 
example,  there  is  often  a  tendency  to  avoid,  making  the  Red  attack  ton 
IMU'CillkMlKilllv.  : 

We  have  been  talking  about  'lie  use  ol  human  judgment  as  an  explicit  and 
integral  part  ol  a  model.  In  the  more  usual  situation,  human  judgment  and 
intuition  also  enter  in  Inn  not  in  so  explicit  a  fashion.'  In  the  liist  place,  man 
designs  the  model,  that  is.  he  decides  what  factors  are  relevant  to  the  problems 
and  what  the  interrelations  between  these  luciors  are  to  I In  the  model.  In  the 
second  place,  the  user  of  the  model  decides  the  numerical  values  ol  the  input 
variables  ted  into  the  model..  And.  linaliy,  man  inspects,  analyzes,  and  iiilcrpjcts 
the  results,  the  outputs  ol  the  model. 

Phis  fact  that  ;yiv  model  is  imbedded  in  judgment  and  intuition  and  guess¬ 
work  --should  be  reniemiiered  when  wl  examine  the  remits  that  conic,  with 
hiirh  precision,  from  a  model.  Ir  is  important,  too.  lor  us  to  remember  that, 
there  is  frothing  magic  about  •'  computing  machine-  whether  the  machine  is  a 
slide  rule. or  a  digital  compute).  In  any  ease,  the  machine  merely  .serves  to  speed 
up  thc  process  by  which  we  discover  the  implications  of  our  issumpi  ion: ,  our 
estimates,  our  planning  luciors.  Regardless  ol  !he  machinery  used,  it.  is  to  the 
assumptions  that  we  must  turn  when  we  ask  lor  an  explanation  of  the  results 
of  ihe  model, 
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4.7.  A  (OMl'I’II.R  MODI  I 

The  model  with  which  we  began  tins  talk  was  a  very  simple  one  involving' 
no  more  hardware,  perhaps,  than  slide  rule,  pencil,  and  paper.  Now  let  us  go 
to  the  other  extreme  ip  this  matter  of  hardware  a  nit  lortK  ai  a  model  in  which  a 
high-speed 'electronic  computer  is  the  central  element. 

As  described  in  one  o!  the  study  reports7: 

"  ,  J: 

The  •  Strategic  Operations  Model  is  one  in  a  series  of  developments  at  rand 
concerned  with  creatine  computer  models  as  strategic  planning  aid:.,  l!  is  an 
attempt  to  .simulate,  using  a  high-speed  computer,  most  of  the  major  elements 
of  a  two-sided  strategic  air  war.  It  plays  through,  in  time,  the  detailed  activities 
of  base  operation,  dispatching  planes,  dying  them  along  their  rouliis.  refueling, 
attacks  by  lighters  and  local  defenses,  bomb  damage  to  military  installations, 
and  restriction  of  operation  by  fallout  all  wiihin  the  concrete  limitations  of 
geography,  forces  in  being.  aUcral  l  charaetoi  isties.  defense  ellcclivcneiis.  base 
capacities,  and  weapon,, cficcir,. '  '• 

'I  be  model  is  of  the  tvpCI  that  has  become  known  :\s  Mdul-  Cailos;  that  is. 
there  are  many  'events  represented  which  are  dependent  on  chance  about 
thirty  different  kinds  of  events  in  the  present  routine.  Whenever  such  an  event 
aii.scs  In  the  course  of  a  simulated  war,  the  machine  computes  a  random 
number  and  compares  it  with  a  pi olnihilily  to  determine  the  outcome. 

To,  play  through  one  run  of  the  lust  two  and  one  half  days  of  a  full  scale 
■, central  air  war--  that  is.  one  involving  most  of  the  air  I'oices  of  both  the 
Soviet  Union  and  the  United  Stales  and  their  allies  requires' about  sis  hums 
on  the-  IBM  704  computer. 

Ihc  model  deals  wilh  the  war  in  a  straiglitfoi  waid  fashion  about  the  way 
anyone  might  think  through  the  course  of  a  two  sided  cnnllicl  it-  lie  could 
keep  track  of  all  the  details.  It  stalls  with  a  list  of  iuiliul  conditions  for  each 
side,  namely,  aircraft  (bombers,  tankers,  transports),  bomber  bases,  defense 
installations  (radai  sites,  local  defense  sites,  and  fighter  bases!,  including  the 
status  of  all  these.  In  addition  there  must  he  a  set  of  plugs  for  each  side. 
Plans  .ov.  more  like  strategies  than  control  schedules  of  (akcolls  and  check 
points.  They  must  take  into  account  contingencies  that  arise  during  the  course 
off  the  war  and  allow  for  alternative  actions.  Ibis  is  because  the  ""ulcl  is 
completely  automatic.  Once  the  inputs. arc  set  up.  the  machine  lights  me  wai. 
without  interruption. 

To  define  a  full-scale  conllict  reqiiiics  a  very  large  sel  ofyimmhcis.  'I  he  inputs 
ifor  our  present  runtft  for  example,  consist  ol.some  ivo  000  separate  ■•muiihcis. 

I  he  basic  output  of  the  model  is  a  set  of  cell  histories.  I  verv  significant  event 
occurring  to  each  cell  of  aircrafi  m  il,c  coiuse  of  the  war  is  uvoided  1 

7  N.  C.  Dal  key  aml-I,,.  H.  Wegner.  The  Sinucsir  Operations  Motlrl:  A  Stmnliilrv 
Rypnri  (U).  fhe  RANip,  (’'orpontfion.  KM-.’”I  (I)IK'  No.  Ai)  stMOSK).  'July 
1058  (Confidential).  it  ■  , 
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'  magnetic  tape-  and  can  be  printed  mu  ;is  a  surprisingly  readable  story.  In 
addition  to  ceil  histories,  a  number  of  significant  indices  arc  kept  track  of:  the 
[count  of  planes  killed,  on  base,  planes  killed  by  the  two  types  of  defenses, 
j  number  of  ground  zeros,  bases  and  defense  installations  destroyed  or  inoperable 
I  due  io  radiation,  and  so  on.  !  Iiese  can  be  printed  out  as  tables  stiowine  the 
variation  with  time.  or.  often  more  usefully,  as  graphs  photographed  from  a 
ciVthode  ray  tube11. 

■A  model  whether  a  iarge  scale  one  using  a  high-speed  computer  or  one 
using  slide  rule,  pencil,  and  paper — can  be  a  useful  moi  in  assisring  rhe  analyst 
to  arrive  at  solutions  to  difficult  problems  In  the  real  vsoild  The  model  must  be 
used  within  the  restricted  area  in  which  it  is  applicable.  Il  must  be  used  hv 
analysts  who  imUerslund  its  capabilities  ami  limitations.  I  o  attempt  to  use  a 
model  its  a  modern.. -electronic  version  of  the  Delphic  oracle  from  which  one. 
may  request  answers’ to  large  and  difficult  decision  problems  invites  non¬ 
sensical  results. 

4.8.  C  ONI  I  HD1NO  COMMUNIS  ti 

I  he  past  ten  years  htive  seen  marked  changes  in  hand's  approach  to  syslcms 
analysis  that  is,  to  analytic  studies  that  deal  with  complex  problems  of  choice 
.in  the  face  of  uncertainty.  Let  me  put  the  dilfcrencc  inaccurately  but  graphi¬ 
cally:  In  our  youth  we  looked  more  scienlilic.  Thai  is  to  say.  we  till  ached  more 
importance,  years  act),  to  the  business  til  reprosenl ing  that  part  of  the  real 
world  with  which  vve  were  dealing  by  a  single  annlstica!  model,  With  the  context 
chosen,  the  assumptions  determined,  the  criterion  selected,  vve  could  t ujit  our 
attention  to- the  more  intriguing  questions  of  how  lies!  lo  apply  modern 
mnihemulical  techniques  ami  high-speed  computers  to  produce  it  neat  solution 
front  which' conclusions  and  recommemlaiions  could  he  xlrawn. 

There  ate  many- problems  in  the:  world -for  which  this  is  a  sensible,  even  a 
recommended  approach.  There  are  problems  impossible  to  solve  without  the 
use  of. the  most  powciful  tools  of  mathematics  and  of  computers.  1  lie  optimal 
distribution  of  weight  and  thrust  between  the  several  stages  of  a  lunar  probe, 
the  determination  of  its  initial  liajcctorv  these  are  well-defined  questions  and 
yield  to  neat  and  orderly  solution.  On  the  other  hand,  the  stability  ol  ihu 
thermonuclear  balance  or  the  composition  of  a  strategic  deterrent  fort  ■  t ■  or  tlir* 
character  of  the  next  generation  ol  tactical  weapons  these  are  not  questions 
that  may  he  attacked  usefully  in  this  manner,  although  essential  fragments  ol 
these  problems  may  he  solved  analytically.  A  trivial"  reason  lor  this  is  that  even 

'•>  This  model  has  beep  amplified  by  the  Air  Hattie  Analysis  Division  of  ! > t  S 
Plans  and  Programs,  Headquarters  USAF,  in  versions  known  as  ,  the  Air  battle 
Model  ami  SI  AC ! I  .  Tor  some  studies,  lhe.se  more  extensive  routines  lequite 
considerably  longer  running  limes  (for  example,  up  to  in  hours  on  'an  HIM  709). 
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modern  techniques  of  analysis  arc  not  sufficiently  powerful  to  treat  these 
problems  without  brutal  simplification  and  idealization.  The  major  reason, 
however,  for  the  inadequacy  of  simple  optimization  procedures' is  the  .centra! 
role  that  uncertainly  plays  in  this  sinful  hut  fascinating  world.  No  longer  are  we 
analyzing  a  . problem  with  a  given  and  definite  context  and  with  specific  equip¬ 
ment.  We  may  not  have  clearly  defined  objectives.  Instead,  we  must  try  to 
design-  not  analyze  a  system  that  will  operate  satisfactorily-- ,  in  some  sense, 
under  a  varieiy  of  contingencies  that- may  arise  in  a  future  seen  only  dimly. 
We  have  learned  that  new  tools — high  speed  computers,  war  gaming,  game 
theory,  linear  and  dynamic  progiamming,  Monte  Carlo,  and  others — often  find 
important  application,  that  they  are  often  powerful  aids  to  intuition  and  under¬ 
standing.  Nevertheless,  we  have  learned  to  he  more  interested  in  the  real  world 
than  in  the  idealized  model  we  prepare  for  analysis  more  interested  in  the 
practical  problem  dial  demands  solution  than  in  the  intellectual  and  mechanical 
gadgets,  we  use  in  the  solution. 

The  statement  that  we  now  put  less  faith,  in  the  neat  analytical  approach  to 
complex  problems  is  not  to  lie  taken  as -an  argument  for  nonseientilie  studies, 
lor  illogical  arguments,  for  seat -of-t he  paiits-  speculation'.  Detailed  quantitative 
work  of  high  quality  is  as  important  -in  its  place — as  ever.  The  project  leader 
must  he  able  to  defend  his  thesis,  not  by  assertion  bill  by  logical  analysis,  against 
the  questions  of  a  hostile,  hut  rational  audience. 

l,ct  me- close  by  reminding  you  that,  as  former  rand  staff  member  Herman 
Kahn  says, 

Today,  systems  analysts  are  getting  to  he  both  nunc  modest  about,  their  claims 
and  better  at  their  work.  If  die  trend  continues,  we  may  well  come  out  with 
a  match  between  claims  and  pioduet10. 

ni  H.  Katin  and  I.  Matin,  Tct  hniques  oj  System*  An/dysix,  The  hand  Corporation, 
RM  1829-1  (DDC  No.  AD  1 235  i  2),  December  3,  1 956.  p.  37 


Chapter  5 


CRITERIA 

R.  N.  McKEAN 


Systems  analysis  is  intended  to  help  pick  out  from  a  list  of  alternatives 
the  preferred  weapons  system  or  course  of  action.  The  criterion  problem,  is- 
one  of  devising  tire  irsl  of  preferred nc'-s.  For  instance,  the  test  of  a  strategic 
deterrent  system  might '  he  the  lowest  cost  of  maintaining  a  designated 
capability,  taking  into  account  both  the  enemy's  oll'ense  and  his  defense.  The 
nature  of  this  criterion  is  of  great  importance  to  the  evaluation  of  the  rival 
systems.  Note  how  results  change  with  the  use  of  other  possible  tests.  As 
an  extreme  example,  maximum  damage  per  vehicle  lost  would  favor  aircraft, 
while  maximum  damage  per  crew  lost  would  favor  missiles,  if  one  were 
comparing  aircraft  and  missile  systems. 

It  should  be  recognized  that  analysis  may  simply  truce  out  some-  of  the- 
consequences  ol  alternative  weapons  or  actions  and  exhibit  these  consequences 
to  decisionmakers  after  the  fashion  of  consumers’  research.  I iy  this  term  I 
mean  the  kind  of  research  that  is  often  done  to  help  consumers  choose  an 
item  such  as  an  automobile  or  a  refrigerator.  Usually  the  results  do  not  take 
the  form.  “Automobile  A  is  the  best  one”,  hut  simply  state,  "Here  are  the 
costs  of  alternative,  .automobiles,  and  here  are  some  of  the  important  char¬ 
acteristics  and  indicators  of  performance”.  This  can  he  a  highly  useful  function 
of  analysis  Insofar  as  analyses  are  merely  supposed  lo  do  this,  there  is  no' 
criterion  proper  that  points  a  finger  at  the  preferred  weapon  or  action,  and 
no  problem  of  deciding  on  u‘  definitive  lest  of  prefer  redness.  There  is 
nonetheless  a  closely  related  problem  ol  deciding  which  are  the  consequences 
and  indicators,  knowledge  of  which  would  help  most  in  choosing  among 
alternatives.  This  discussion  will  deal  chiefly  with  the  devising  of  formal  tests 
of  preferreduqss  as  though  systems  analyses  wore  always  supposed  lo  indicate 
denmliveiy  dtp  best  course  of  action.  A  good  deal  of  what  is  said,  however, 
isppl  iCS  to  the  related  problem  of  devising  consumers’  research  indicator;  that 
would  be  most  helpful  to  decisionmakers.  ! 

As  pointed  out  in  other  purls  ol  this  hook,  criteria  involve .Imih  costs  and 
the  achievement  of  objectives)!  To  say,  on  the  one  hand,  that  we  want  the 
lowest-cost  system  is  no  lest,  '(Vigil-' would  this  mean':  The  lowest  cost  to  do 
what?  To  say,  on  the  other  h|ntl,  that  we  want  the  system  that  can  destroy 
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at  least  HO  out  ot  100  targets  is  not  sullieient.  I  here  are  several  wavs  to  go 
about  this  task  if' 'it  is 'feasible  at  all,  and  j|ie  criterion  is  supposed  to  suit 
out  lire  picjcrrcd  course  ot  action. 

Let  us  see  how  both  cost  and  the  objective  could  enter  into  the  criterion. 
The  objective  might  he  "fixed"  at  the.,  ability  to  do  a  particular  amount  ot 
damage,  and  we  could  then  seek  the  lowest-cost  way  to  achieve  this:  ability. 
Or,  the  objective  and  cost  might  enter  into  the  criterion  in  a  different  way: 
The  objective  could  he  defined  as  the  ability  to  do  a  certain  ’type  of  damage, 
without  the  damage  level  being  fixed;  insteaij,  cost  could  he  .fixed, .  and  the 
wav  to  achieve  die  gieatcsi  aiuoum  of  this  g  objective  ai  the  specified  cost 
couiii  he  sought.  Note  that  the  term  “objectives"  is  used  to  mean  tasks  or 
missions.  Unless  this  is  kept' in  mind,  the1  term  may  cause  conf  usion  because 
in  an  ultimate  sense  the  objective  ami  .(he  criterion  may  appeal  to  be  the 
same  thing.  I  hat  is,  our  ultimate  objective  might  ire  described  as  the  maximiza¬ 
tion  of  military  worth  with  given  constraints,  and  <,d  course  a  very  fine 
criterion  (il  it  could  he  used)  would  he  the  maximi/atioi-i  of  military  worth  with 
the  given  Con.-iliaiuls..  Hence,  it  is  neeessaiy  io  icmcinher  dial  In  objectives 
we  mean  positive  values  or  desirable  aehievemen's  dial  ordinarily  enla.il  some 
negative  values  or  costs.  And  the  criterion  imisl  lake  both  ol  them  into 
account. 

Unless  restrained,  the  criterion  problem  can  embrace  the  spelling  out  of 
objectives  and  cost  in  lull  detail,  swallowing  up  most  of  the  problem  ot 
analyzing  systems.  If  the  measure  ol  damage  is  shifted,  if  the  manner  ol 
measuring  costs  is  altered,  or  if  different  constraints  are  imposed,  all  can  he 
regarded  as  changes  in  the  criterion.  In  other  wonts,  it  is  hard  to  draw  the 
line  between  problems  of  criteria  and  problems  of  measurement.  In  this 
discussion,  however,  we  shall  confine  ourselves  to  pc  nr  nil  questions  about 
criteria,  excluding  questions  about  detailed  measurements. 

.LI.  fit  I  IN  I- VI I  A  HI  I  I  1Y  or  I'KOX  I M  ATI-  CRIIIRIA 

\ 

Perhaps  ideally  we  should  choose  that  weapons  system  or  course  of  action 
which  maximizes  military  worth  (gains  minus  costs).  Hut  this  is  tin  more 
helpful  th;ii)  saying  that  we  want  the  best.  Lor  nobody  knows  precisely  how 
military  wort!)  is  related  to  the  outcomes  of  various  courses  of  action.  Military 
achievements  and  costs  can  rarely  He  expressed  in  the  same  units  (for  example,,' 
in  dollars),  and  we  cannot  compute  gains  minus  costs  for  each  ol  the  alternative 
systems.  Lor  these  reasons,  workable  proximate  criteria,  rattier  than  perfect 
ultimate  ones,  must  be  used.  Hill  we  do  not  have  ty  use  pci  loot  ctheria  in" 
order  for  analysis  to  be  valuable,  io  use  a  homely  aphorism,  ".Shoes  don’t 
fit  perfectly  very  often,  but  a  lot  of  ground  can  he  covered  just  the  same". 


!  lie  minimum  cost  of  having  a  designated  capability  is  not  an  ultimate  or 
perfect  criterion:  if  we  specified  a  dillcrent  time  period  or  capability,  oc 
looked  at  consequences  outside  the  ability  to  destroy  tat  gets,  tli'e  outcomes 
under  various  systems  might  look  dilTcrenl.  Nonetheless,  to  the  extent  that  this 
is  the  sort  of  capability  we  desire,  tins  criterion  points  to  the  best  system.,  in 
any  "event,  it  is  pertinent  to  see  how  various  striking  forces  rank  in  terms 
of  this  test,  for  it  is  important  to  have  at  least  this  much  information  about 
the  outcomes  under  various  systems. 

3.2.  SliltOP  I  1MI/-A  I  ION  AND  (  Kill  IUA 

The  selection  of  good  criteria  is  made  ditlicull  in  part  by:  the  fact  that 
problems  of  choice  must  he  broken  down  into  component  pieces  or  sub- 
prohloms.  It  is  inevitable  that  decisionmaking  be  broken  into  component  pails, 
some  decisions  being  made  hv  "high  level"' officials  or  groups,  and  some  being 
delegated  to  "lower  levels".  Ail  decisions  cannot  be  made  by  one  official  or 
group.  Similarly,  the  process  of  analysis  must  be  broken  into  parts:  alternatives 
at  .all  levels  cannot  be  analyzed  simultaneously.  (No  connotation  of  greater  or 
lesser  significance  should  be  associated  with  these  terms  "higher"  and  "lower 
levels".) 

hither  analysts  or  decisionmakers,  then,  always1: compare  alternative  courses 
of  action  that  pertain  to  a  /wt  of  the  militaiy  problem  Other  choices  are 
temporarily  shelved,  possible  decisions  about  some  things  being  neglected, 
specific  decisions  about  cithers  being  taken  lor  granted.  The  resulting  analyses 
are  intended  to  help  lind  optimal  solutions,  01  i.ither  policies  that  are  improve¬ 
ments  over  proposed  solutions,  to  suhproblenis.  In  the  language  of  systems 
analysis,  these  are  "suboptimizations". 

figure  5.1  may.,, help  to  show  exactly  wluit  is  meant  by  suboptimization 
and  what  its  advantages  and  disadvantages  are...  When  trying  to  solve  each  of 
the  problems  indicated  m  fig.  5.1.  iVe  simply  have. to  put  manyof  the  others 
aside  tempo! aril v.  In  oompaiing  courses  of  aeiiop’  at  each  level,  only -a. lew 
of  the  things  open  to  decision  can  he  allowed  to  vary  simultaneously.  Ollier- 
wise.  the  models  would  become  impossibly  cumbersome,  and,  ax  pointed  out 
earliei,  the  iiumhe;  of  calculations  to  consider  would  mount  into  the  thousands. 
Thus,  d  we  computed  alternative  oxygen  suppliers,  we;' would  take  lor  granted 
most  decisions  at  higher  levels.  In  comparing  weapon  systems  lor  strategic 
air  warfare,  we  might  not  simultaneously  seek  the  optimal  allocation  of  the 
Air  force  budget  to  the  Air  Defense  (  ommam.l.  the  Tactical  Aii  <  'umnumd, 
and  all  other  missions;  and  we  would  not  simultaneously  search  tor  the  best 
oxygen  mask  nr  pre-flight  prnceduie.  To  be  sure,  when-  other  choices  (lor 
example,  the  use  of  electronic  countermeasures  or  dogleg  courses)  were 
.  crucial  to  the  pel  I  ormance  of  alternative  vehicles,  we  would  vary  these  factors 
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;ind  try  to  choose  optimal  ways  ol  employ  mil'  each  vehicle  Nonetheless,  wo 
would  "slice  oil"  a  subpmhiem  in  each  case  and  tix  or  ignore  numerous 
choices  at  oilier  levels. 

Suboptimization  brings  with  it.  on  the  one  hand,  ceilain  advantages.  One 
is  that  more  detail  can  be  taken  into  account  by-analysis  in  the  small  than 
by  broader  analyses.  Models  can  be  less  aggregative,  and  they  may  lor  that 
reason  yield  more  accurate  predictions  On  the  other  hand,  suboptimization 
brings  great  diliicuities  in  the  selection  ol  eiiteria,  because  lower  level  tests 
can  so  easily  he  inconsistent  with  higher  level  criteria.  1  .el  us  consider  the 
procurement  of  a  bombsight  and  take  an  extreme  illustration:  !!  the  test  we 
use  is  the  minimum  cost  of  achieving  some  spccilicd  laboratory  pci  I'm  mancc, 
the  bombsight  might  be  too  big  to  put  inside  any  feasible  bomber.  It  is 
hazardous  to  "I  actor  util”  this  decision  from  the  larger  problem,  the  selection 
of  the  bombing  system.,.  A  good  decision  about  the  sight  depends  upon  the 
rest  pi  th'.'  bombing  system.  '!  lie  eritci  ion  of  the  host  bombsight  should  be 
consistent  with  the  criterion,  of  the  best  bombing  system.  Consider  anolhei 
extreme  illustration:  Suppost.  that  we  compare  alternative  machine  guns  and 
adopt  .as  our  test  the  lowfest  cost  gun  that  will  lire  a  number  of  rounds 
equivalent  to  three  years'  steady  combat  operation,  experience  may  indicate. 
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hinvi  vci ,  tli at  such  durability  is  superfluous,  since  guns  are  usnallv  lost  after, 
say.  the  equivalent  of  three  months'  combat.  The  criterion  of  the  best  machine 
gun  should  he  related  to  the  test  of  an  effective  ground  force.  Hence,  it  is 
always  urgent  at  least  to  ponder  higher  level  criteria  in  order  to  avoid  serious 
inconsistencies. 

In  summary,  then,  plausible  tests  is;  lower  level  choices  can  easily  be 
inconsistent  \yith  higher  level  criteria.  This  is  not  to  say  that  we  should 
always  carry  out  analysis  only  lor  the  highest  level  problems  of  .choice.  On 
the  contrary systems  analysis  iniist  attack  suhproblems.  Many  such  problems. 

be  factored  out  and  .sensible  criteria,  selected.  To  help  ehoo'C  sac 
missiles,  an  analysis  need  not  simultaneously  seek  the  optimal  helicopter  for 
the  Naw  or  the  optimal  defense  budget.  I  he  effects  of  diilcreiil  budgets 
(within  a  reasonable  range)  or  of  dilVcioni  helicopters  on  the  performance;-  of 
missile  sv stems  may  be  slight,  and  to  ignore  them  in  making  the  comparison 
/pay  do  no  great  h:um.  Ali..  this  is  to  say.  however,  that  \j.e  must  keep  lli'e- 
advantages  and  .disadvantages  m  mind,  and  make  the  scopj?  of  each  analysis 
a  reasonablh  compromise  that  will  avoid  impossibly  aggregative  models,  on 
the  one  hand,  and  excessively  narrow  erileriii,  on  (he  olhet*. 

I  ■  . 

■  r 
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Ifeeaiise  proximate  iiitcria  and  piecemeal  analysis  must  lie  employed,  there 
is  always  danger  oi  adopting  wioug  eritena.  Some  o!  the  errors  that  oeem 
most  often  can  he  put  into  categories  and  should  he  given  particular  emphasis 

li'jtoilm ;  Absolute  Stub  of  Objective  or  (  <■:.: 

One  common  test  is  the  lalio  oi  clb  i  liycnexs  to  cost,  that  is.  the  ratio  oi 
achie\;emenl-of-ohjeelive  to  cost,  l  or  instance,  in  the  selection  of  bombing 
systems,  the  lest  might  be  the  maximum  ratio  of  targets  destroyed  to  cost, 
that  is.  maximum  laig'Ms  destro\e«t  per  dollai  cast  this  sounds  like  ti 
reasonable  criterion,  vet  it  could  lei  the  se.de.-o!  the  system  waiider  freely 
I'umi  a  S  Still  billion  "  stem  to  cheap  weapons  id  low  elleel i\ enesx.  As  a 
mallei  oi  fact,  i I  would  prohnh-h  tayor  existing  weapons  ol  earh.  vintage. 
Suppose,  lor  instance,  that  one  beuil'iiu:  svslem.  alieadv  on  band  and 
iilativel'C  simple  to  maintain.  would  desliov  III  laigels  and  eo-t  S  I  billion 
la  lalio  of  lit  to  !)  -/while  aliolbei  -Astern  would  desliox  ’(It)  laigetx  and 
eosl  S  50  billion  (a  ratio  of  I  to  I).  Should  we  choose  the  former  a  weapons 
system  which  miidil  merely  invite  and  Inst  a  war  me-xpensi  vclv  7  i  he  answer 
is  no.  we  cannot  allord  I.:  ignore  tile  scale  i-.it  the  aeliviiv  the  absolute 
amount  of  damage  the  svslem  could  do.  or  the  absolute  amount  o|  its  costs 
In  bring  this  point  home,  lift  ms  suppose  that  we  are  comparing,  two 
dwellings,  anil  we  accept  lli*oi  space  as  a  suitable  meaxme  oi  what  vve  want. 
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Mow  iloos  till*  ratio  of  elleiflivencss  to  cost  perform  as  a  criterion.1  Dwelling 
A  has  ..1  500  sq  11  and  eosfk  $  I N  (.100  (a  ratio  ot  I  to  Id):  R  lias  2X0U  Si|  !|: 

and  costs  S  2S  0t)()  (a  ratio  ol  I  to  ID).  Is  R  an  obvious  choice'.’  >.  dearly 

we  must  he  concerned  about  the  scale-  about  the  absolute  amount  of  space 
the  house  w tii  piovule  or  the  absolute  amount  ot  money  the  house  wdl  cost, 
lhe  real  question,  concealed  by  the  ratio,  is  the  following:  Is  the  extra 
1  dot.)  sq  ft  worth  ail  extra  S  It)  000? 

Without  constraints  on  the  budget  or  the  scale  of  elVecliveness.  then,  ratios 
may  point  to  extreme  solutions  and  may  not  be  consistent  at.  all  with  higher 
level  criteria.  Now,  suppose  that  we  impose  a  constraint  confining  our  con¬ 
sideration  to  a  sensible  budget  range.  Indeed.'  the  example  above  might  be 

considered  as  a  ease  in  point.  In  that  case,  the  ratio  is  prevented  from  carrying, 

us  outside  the  constraint,  but  its  significance  is  not  clear  until  the  range  is 
narrowed  to  a  fixed  budget  'or  objective. 

Selling  the  H-Vn/ig  Objective  of  Scale  of  Ohjet  live 

It  appears  that  die  most  suitable  criterion  form  in  most  problems  is  lo 
maximize  the  achievement  of  the  objective  for  a  given  cost,  or  to  minimize 
the  cost  of  achieving  a  specified  objective.  YI’jese  ..two  are  equivalent  criterion 
forms  if  the  scale  of  either  the  objective  or  the  cost  is  the  same  in  the  two 
tests.  1  hat  .  is,  if  the  test  of  maximum  laigyl  capability  for  a  budget  of 
$1  billion  points  io  the  policy  that  destroys*  It)  targets!  then  lhe  test  of 
minimum  cost  to  achieve  u  lixed. target  capability  ol  It)  will  point  lo  the  .same 
policy,  lhe  two  tests  also  yield  equivalent  information  if  calculations  are 
carried'1  out  at  hnm*.’n.',.is  dillVrvnt  scales  of  cost  and  achievement,  lhe  choice 
between  the  two  criterion  forms  depends  largely  upon  whether  il  is  cost  oi 
objective  which  can  be  fixed  with  lhe  greater  degree  of  cor  rcclfcss, 

I  bis ’leads  us  to  the  next  type  of  criterion  error:  fixing  the  objective,  or 
alternatively  the  cost,  incorrectly.  The  difficulties  apply  to  fixing  either  cost 
or  objective,  bill  let  us  locus  attention  on  ibe  latlei.  In  ill-.'  example  just 
discussed,  jjf  the  objective  is  fixed  as  the  ability  lo  destroy  It'  targets,  one 
system  is  best;  it  it  is  fixed  as- 1 fie  ahiliiv  to  destroy  .’Ot)  targets,  another  system 
is  best  I  lie ’preferred  system  max  also  he  sensible  to  thy  severity  of  dainflge 
that  is  counted  as  destroying  a  target.  I  Inis,  lo  set  the  objective  uncritically 
max  lie  lo  choose  a. ..had  criterion. 

/ C titntr'ii:  ’  ;;ccr!:i/r:!v  " 

Another  type-  ol  ciiterion  erior  is  to  ignore  uncertainty.  hoi  example,  the 
specified  objective,  s.uv  the  capability  ol  destroying  21)0  taigets.  may  ignore 
uncertainty  about  -die  kind  ol  war.  and  lienee  tin-  kind  ol  taigcl,  that  should 
he  eonxidcivd  I  here  is  ;i  chance  dial  ibe  appmpi  iaic  laigels  will  turn  ollt 
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10  lie  solely  the  enemy  s,  military  installations,  or  solely  iiis 'industrial  pbj'mia 
tion  centers,  or  various  mixtures  of  the  two.  if  the  criterion  is  in  terms  of 
one  particular  objective,  ignores  the  possible  relevance  of  oilier  objectives, 
and  diverts  us  from  the  aim  of  hedging  against  contihgencics,  the  criterion 
may  ?be  misleading. 

Tlte  criterion  may  ignore  -uncertainty  about  thy  kjnd  of  war  and  the 
strategic  situation.  Also  easily  neglected  is  tlu;  uricortainty  surrounding 
ieeliiiology  oi  the  occurrence  ol  chance  events.  Supjiosc  that  one  system  yvould 
"on  tin ■  avcni^c"  destroy  a  given  target  complex  for  the  least  cost,  or  destroy 
the  most  targets  for  a  given  cost.  However,  suppose  this  system  fails  miserably 
one  time  out  oi  five.  C  icaily.  outcomes  other  than  the  ‘’average  or  exoectcd 
result  are  important  to  the  choice. 

Some  of  the  things  that  can  be  done  to  deal  with  uncertainty  are  indicated 
in  the  final  section  of  this  chapter.  Some  fairly  subtle  criterion  problems  arise 
under  conditions  of  uncertainty.  Here  I  wish  to  discuss  only  the  simpler  and 
more  general  issues  and  to  emphasize  that  devising  criteria  in  such  a  way 
as  to  Chnceal  uncertainty  can  lead  to  grievous.,  error. 

Ii'iinrin!!  Ilflrrts  on  Other  ( >  jH'fnlious 

Another  type  ol  error  is  to  choose  criteria  that  neglect  the  impact  of 
alternative  courses  of  action  on  costs  oi  achievements  in  other  operations. 
Suppose  fighter-aircraft  designs  are  being  compared,  and  the  test  is  the 
minimum  cost  of  gelling  a  l>  probability  ol  destroying  enomv  lighters  in 
duels  of  one  against  our.  Here,  the  scale,  ol  effectiveness  is  "pinned  down, 
and  no  ratio  is  going  to  pick  out  the  old  l’-fl>  as  the  best  of  the  lot.  Itnl  we 
still  have  trouble.  A  lightei  with  this  ellcelivcness  in  a  duel  of  one  against 
one  may  he  line  individually,  yet  comparatively  inelleelive  in  a  group's 
mission,  i  he  lest  'ignores  the  impact  on  group  clfectjvcncss  '  in  combat, 
reliability  and  aborts,  range  and  frequency  of  contact  with  the  enemy,  and 
so  on.  With  this  test,  the  plane  might  cost  so  much  that  we  Could  buy  only 
a  few.  Thus,  it  is  'difficult  to  factor  out  (his  subproHem  in  tljis  fashion',  one 
almost  has  to  tit  the  fighters,  into  a  huger  opeialinn  in  otsier  to  select  a 
sensible  n-i.  ,  ;t 

liven  el IVe l i veuess  in  a  broad  fighter  operation  (or  other  mission)  may 
.decrease  the  achievement  ill  tasks  elsewhere  (or  meiease  die  cosi  of  achieving 
those  other  objectives).  As  a  siriqiic  example,  a  weapon  may  no  suilicicntly 
ellcciivc  that  the  enomv.  shills  some  ol  his  eounlei Iniccs  to  another  mission. 
I  he  ,i|)|).itvni  -clfeeti veiies',  ol  the  weapon  must  be  jiarlly  nllsrt  hv  the  new 
dinieullies  eneounteieil  in  other  missions1. 

1  Sec  Clunk'S  Hitch.  "Sut'-Ojil iMii/al ion  in  lOpeiat'oiis  Problems”.  Jnnniid  nj 
the  Unions  iVe.i run'll  Soi'/'c/v  of  .  ! mt'i  vol.  i .  no.  '  May  IS  1  1  p  'O 
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Adopting  Wrong  Concepts  of  Cost 


Suppose  the  test  is  maximum  targets  destroyed  for  ..a  given  fissile-material 


stock..  1  his  test 


ySteili 


/iiich  used  planes  and  crews  waste 


fully;  in  dlect.  the  analysis  would  treat  inputs  other  than  fissile  material  as 
if  they  were  free"  and  had  no  value.  Maximum  targets  destroyed  for  a  given 
set  of  specific  inputs  would  also  lie  wrong  if  in  fact  the  purchase  of  various 
sets  of  inputs  is  feasible.  As  these  types  of  errors  are  discussed  elsewhere  in 
this  book,  1  shall  do  no  more  than  mention  them  here. 


Ignoring  the  Time  Dimension 

In  choosing  policies  for  ■  deterrence,  lime  is  an  important  factor  in  the 
statement  of  the  objective  and  hence  o!  the  criterion.  Note  how  the. 
recommendations  might  ililfer  if  dilfcrcnl  time  periods  .were  considered.  If 
the  criterion  is  minimum  cost  of  maintaining  the  designated  capability  in 
1 065  a  modification  of  existing  systems  might  be  preferred;  when  the 

test  pertains  to  a  longer  period  alter  I'XiS,  other  systems  would  probably 
be  superior. 

Consider  a  lower  level  problem  ol  choice.  Suppose  the  test  in  comparing, 
alternative  means  of  storing  aircraft  fuel  is  the  minimum  cost  of.  keeping 
fuel  up  to  certain  specifications,  for  example,  gum  content  not  to  exceed  x 
milligrams  per  gallon.  In  this  comparison,  time  is  ot  the  essence.  If  inc 
resuin;  are  to  he  at  all  useful,  one  must  ask  storage  as  of  u!,ai_  date  and 
for  how  long?  In  some  problems,  time  may  he  the  most  important  part  of 
tin1  erilerinn.  Resources  may  he  considered  as  lixed,  ami  (he  (ask  too  may 
be  specified  in  every  detail  except  dale  of  achievement.  II  such  constraints 
make  sense,  the  test  would  by  to  accomplish  the  given  task  at  the  earliest 
possible  date,  til  any 'event,  we  cannot  aiford  to  be  careless  with  respect  to 
the  time  dimension  of  the  objective  (or  of  costs)  in  choosing  the  ciilcrioiV. 

Trying  To  lyse  nil  "Occnletcnoincil"  7 ovf 

It  is  often  said  ihni  llnoiigh  system, s  anahsi'-  we  can  gel  ‘‘I In:  most  striking 
power  lor  flic  least  money".  Consider  the  Criterion  implicit  in  (lie  following 
statement:  l*  I  he  Ci’jrnuins'  triumpluint  cimipnim)  .  .  .  vus  iriNpnctl  hv  u«*j  ulc.i 
of  .  .  .  .‘L'liicvinu  ihc •  nnoxpivte-ii  in  <hii!:cuon.  Lime,  nnd  mothoil.  puvriicil  hy 
the  fullest  possible  distraction  and  billowed  by  the  ipiickesf  possible  cxploila- 
lion  along  the  line  ol  least  resistance  to  the  deepest  possible  tange-  Such 
rests  are  ‘nvcrdekrmined "  in  tin-  sense  that  all  these  things  c:i i mot  possible 

-  It.  tt.  I.iddell  Hart,  Strategy,  "I •' rwlerick  A.  Ptaeger.  Inc..  New  York.  l'N4, 
p.  240. 
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he  done  at  cme  time.  It  is  like  maximizing  the  amount  of  aspirin  you  buy 
while  simultaneously  minimizing  tire  amount  of  money  spent  for  them,  t  his 
type  of  error  may  not  seem  serious,  jjsiucc  analysts  cannot  actually  use  such 
criteria  when  they  prepare  quantitative  estimates.  Nonetheless,  tills,  misconcep¬ 
tion  should  not  be  taken  too  lightly,  for  from  such  confusion  some  rather 
wild  compromise  criteria  may  emerge,  s 

r 

Apply  in;;  "Goo,!"  Criteria  to  the  IVroni-  Problem:; 

A  good  criterion  in  the  comparison  of  one  set  of  alternative  actions  may 
not  be  a  satisfactory  test  m  the  evaluation  of  a  diiTeiem  sei  of  policies. 
Consequently?  .'the  criterion  used  in  analyzing  one  problem  of  choice  should 
not  bo  applied  mechanioally-  to,  a  dillerciU  problem,  l  or  instance,  suppose 
we  compare  the  capabilities  ami  costs  of  procuring  and  using  alternative 
strategic  deterrent  systems.  The  payolfs  ..and  costs  are  quite  properly  the 
estimated  costs  and  performances  that  would  result  from  operating  those 
Weapon  systems,  and  the  criterion  can  be  minimum  cost  ol  achieving  a 
designated  performance.  Suppose  the  alternatives  to  he  considered'  are  not  the 
[lurelutsc-aihl-Hsc  of  the  alternative  systems  but  rather  the  (lovclopmcnt-lo-the- 
next -stupe  of  such  weapons.  In  other  words,  suppose  the  question  is  not 
“Which  weapons., should  tic  procured  and  operated?"  Instead  'it  is  “Which 
weapons  should  he  developed  further?"  In  answering  the  latter  question, 
we  cannot  mechanically  apply  the  lesi  used  to  compare  procurement  policies. 
Thu  reason  is  that  the  payolfs  ami  costs  of  proem  ing  and  operating  the 
weapons  are  not  the  same  as  the  put  oil's  and  costs  of  deciding-  to  develop 
them,  the  pcrlonuance  and  costs  oi  buying  and  operating  the  .alternative 
systems  indicate  the  potential  payolfs  from  the : successful  development  ol 
each  rme.  These  estimates  provide  information  about  the  potential  worth  of 
alternative  weapons,  if  successfully  developed.  On  the  cos!  side,  the  estimates 
directly  pertinent. to  the  development  decision  are  the  costs  of  developing  each 
'yeapon  to  the  next  stage,  that,  is,  excluding  procmemen!  and  operating  costs.’ 
■  Note  too  that  the  test  used  in  comparing  alternative  proem emeiii  policies 
says  nothing  about  the  'best  path  to  the  development  ol  any.i\voupon  system. 
The  alternative  paths  include  (a)  In  ing  to  develop  a  weapon  r/v  it  system. 
with  detailed  specifications  drawn  up  at  the  outset,  or  lb)  proceeding  toward 
these  weapon  systems  by  one  of  many  step  In  slop  possibilities,  with  prelim¬ 
inary  tests  of  components,  experimental  configurations,  and  series  of  "  bread 
hoard  models".  Choosing  I  In-  sequence  of  developmental  step*'  is., a  dillcivut 
problem  drum"  eiitici  selecting  the  general  type  oi  weapons,  to  develop  oi 
choosing  the  ones?  to  be  procured. 

To  repeal,  determining  the  lowest-cost  system  to  maintain  .a  slated  capabil¬ 
ity  is  pertinent  to  development  as  well  as  to  procurement  decisions.  Jrui  the 
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significance  of  l In-  analysis  is  d  tile  rent  in  the  two  eases.  A.  good  criterion  tor 
comparing  procurement  policies  cannot  lie  a  definitive  lest  in  comparing 
development  pol icier.. 


f i erf.  can  be  done  tit  keep  hail  criteria  from  leading  us  astray*^  !  he  m-iys- 
cripiion  in  gencial  icons  is  to  "he  ciirclul",  hut  perhaps  one  can  be  at  least 
a  little  more  specific.  First,  we  can  gnaid  against  nonsense  tests  and  the  more 
obvious  errors  discussed  above.  Second,  we  can  make  a  careful  inquiry  into 
possible  eriteiia  for  each  analysis'-  lh.it  is,  inquiic  into  the  leluiionshn- 
between  proximate  tests  and  higher  level  criteria.  I  his  calls  for"  analytical 
cfloii.  We  cannot  just  put. our  heads  in  our  hands  and  conic  up  with  correct 
aitcria  by  means  of  introspection  or  intuition.  We  have  to  keep  asking 
whether  the  crii  rioii  is  consistent  with  Higher  level  tests  and  whether  the 
test  takes  into  account  major  effects  on  other  operations.  Such  inquiry  has 
to'' be  on  an  ml  line  basis.  We  cannot  analyze  alternative  criteria  in  general 
and  come  up  with  a  permanent,  shelf  of  acceptable  ones.  The  “appropriate’ 
test  is  peculiar  to  each  problem. 

Third,  we  can  compare  the  systems  in  terms  of  more  titan  one  lest,  and 
look  for  dominance  v\  ith  respect  to  these  tests.  In  comparing  policies  for 
deterrence,  suppose  several  tests  are  used:  minimum  cost  of  ac 1 1 ievi 1 1 1»  a 
specified  capability  with  'wo  different  target  objectives  or  two  different  enemy 
strategies.  11  the  same  system  is  host,  for  all  these  tests,  that  system  is  dominant. 
Fourth,  we  can  try  to  ns.-  a  foil  ion  reasoning  whcievci  possible,  that  is,  to 
reason  that  il  a  system  is  best  in  one  set  of  cil'cuiiisUmces.  it  is.  with  still 
stronger  force,  best  in  some,  other  set' of  circumstances.  Thus,  if  an  aircraft 
system  turned  out  to  be  bolter  Ih.m  a  missile  system  against  soft  targets, 
one  could  argue  that  the  aircraft  system  (because  of  its  grealei  accuracy) 
would  show  up  all  the  more  favorably  against  hard  targets. 

Filth',  v.e  can  sometimes  allow  for  shot  tcoiniiu’.:-  of  the  criterion  when 
interpreting  the" analysis,  drawing  conclusions,  and  dialling  recommendations. 
One  study  of  offensive  systems  showed  that  a  particular  system  would 
probably  do  a  given  job  at  minimum  cost  yet  concluded  dial  Ibis  system, 
on  account  id  uncertainly,  might  well  he  tin-  worst  lather  Ilian  I  In*  lies! 
choice.  !  ir.ahy,  we  may  in  some  instances  peiloim  "coiimiiiiit,'  icseaieli " 
explicitly,  giving'  up  the  use  of  any  neat  criterion.  In  other  words,  we  can 
simply  spell  out  for  sensible  alternatives,  certain  relevant  consequences  called 
eosls  and  others  railed  the  achievement  ol  objectives.  I  he  analyst  or  the 
i  ustomcr  may  then  usg  the  information  in  -making  recommendations  This 
would  mean  using  judgment  in  drawing  the-.-  conclusions  rather  thaij  in 
•devising  a  definitive  criterion. 


it!  I  I  ill 
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Sonic  or  aii  of  these  tilings  hnic  been  done.  or  I  In:  sc  pi  ccaulions  taken, 
iiv  various  sltidics.  I  lie  dillichlties  aliesse.il  here  do  not  pull  Lite  rug  out  limn 
tinder  nnaivtieul  elfoir.  While  the  criterion  problem  is  lough,  its  recognition 
hurts  only  the  misuse  of  systems  studies,  and  surely  enhances  the  I imdamental 
usefulness  of  analysis.  : 
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iliac  is  a  very  gen  dial  sense  in  which  cost  considerations  arc  relevant  to 
many-  -probably  to  most — of  the  diverse  studies  that  fall  under  the  heading 
of  systems  analysis.  Whenever,  for  the  allainmcnt  of  a  lived  level  of  any 
objective  in  a  particular  operation,  we  seek  to  minimise  tho:  drain  upon  the 
inputs  because  (key  are  valuable  to  the  attainment  of  objectives  elsewhere, 
we  are  concerned  with'  the  minimization  of  real  cost.  By  real  cost  we  mean 
the  value  of  the  alternative  objectives  that  are  snciificed.  Once  we  proceed 
beyond  this  generality,  however,  cost  considerations  arc  relevant  in  different 
ways  for  different  groups  of  operations  research  studies.  Sometimes  real  costs 
are  perlinent.  sometimes  not:  and  where  teal  costs  are  pertinent.  1 1  icy  may 
or  may  not  he  acceptably  approximated  by  money  costs.  To  apply  cost  con¬ 
siderations  properly,  it  is.  important  to  discriminate  among  different  groups 
of  problems.  „ 


().  I  .  I  I  MO  INITI.s.  ONI  ()Jlll..(  I  IVI  ,  a. 

When  the  operations  analyst  is  concerned  with  seeming  maximtjim  on  I  pul 
from  inputs  that  are  hot!)  fixed  in  total  amount  and  specific  to  thy  one  use, 
we  can  identity  a  first  category  of  problems  in  which  no  cost  considerations 
enter,  if  the  inputs  are  really  specific  to  the  one  use.  they  are  oljj  no  \a!ue 
elsewhere.  The  real  cost,  of  their  employment  is  zero.  (  unxequenibij.  the  onh 
advice  about  cost  considerations  that  is  relevant  is  that  the  ojv. rations  analyst 
should  pmeeed  with  a  straightforward  maximization  uni'iihihitcd  by  any 
historical  information  on  costs  that  he  mav  happen  to  have.  vl  here  is  no  point 
in  economizing  in  the  use  of  a  pa.itieulai  input  merely  because  it  was  once 
expensive:  "H\ pones  me  rrii cwji  bygones*  . 

To  su\  that  cost ‘considerations  are  not  involved  m  this  first  camp.ory  of 
problems  does  mu  m  the  least  mean  that  sack  piolvlems  are  easy  or  iinini- 
portani  Mam.'  challenging  prol'.lems  for  operations  rcseau.h  pioh.mlv  appiov 
im-ate  the  conditions  that  define  this  calcgoiy,  although  it  is  piohablc  that 

1  Tin's  chapter  whs  published  in  Operations  Research,  vui.  4.  no.  4,  August  in.itV. 
pp.  448-  4.59. 
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very  lew  would  meet  those  conditions  strictly.  Suppose  an  analyst  for  the 
Air  Force  were  given  the  problem  of  recommending  tactics  to  maximize 
damage  to  a  particular  kind  of  target,  subject  to  specific  constraints  of  current 
weapon  and  airplane  availabilities.  C  learly  this  is  a  formidable  "problem. 
There  are  many  interrelated  variables  of  interest,  and  many  dillicult  problems 
of  estimation  are  bound  to  he  involved  in  his  analysis.  In  order  to  provide 
a  convenient  hypothetical  example  for  present  purposes,  however,  1  assume, 
that  this  hard  problem  can  be  and  is  solved.  .1 

(>.2.  FlXI'lt  INPUTS,  MUlTUMli  OHJIU  1 1VI-.S 

We  can  identify  a  second  category  of  problems  encountered  in  operations 
research  when  two  or  more  objectives  compete  for  the  employment  of  inputs 
whose  total  (current  supplies  are  fixed.  F.et  us  see  how  and  why  real  cost 
considerations  eiiter  in  this  category  of  problems,  although  production  costs 
ale  not  involved.  Suppose  we  have  two  Air  Force  combat  units,  each  assigned' 
a  different  kind  ol  target,  and  each  eager  to  maximize  its  combat  capability. 
Suppose  further  that  the  available  inputs  can  be  conveniently  aggregated  into 
just  two  items,  units  of  fissile  material  and  numbers  of  airplanes  of  a  particular 
type.  1  assume  that  the  initial  allocations  are  8  units  of  lissile  material  and 
.'12  airplanes  to  Type  I  targets,  and  the  exact  reverse,  ,12  units  of  lissile 
material  and  8  airplanes.  loTxpc  II  targets. 

We  can  now  pose  a  tlillereni,  or.  if  you  like,  higher  level  problem  lor 
operations  analysis,  ('an  a  heller  allocation  of  these  two  aggregate  inputs 
between  these  two  target  objectives  be  recommended  even  if  we  are  unable, 
to  relate  the  military  worth  of  one  kind  ol  iaiget  objective  to  the  worth  of 
the  other'.'  A  better  allocation  can  clearly”  he  recommended  if  we  find  that 
more  of  one  objective  can  be  attained  without  loss  to  the  other,  that  is.  ii 
the  retd  cost  of  the  one  objective  had  not  been  minimized.  Now  the  problem 
of  the  operations  analyst  is  to  establish  the  conditions  for  allocutions  ni  these 
inputs  that  will  minimize  real  eosl. 

For  this  different  problem  an  operations  analyst  would  have  to  estimate 
fot  each  kind  of  target  the  probable  icsulls 'from  alternative  combinations  ol 
the  inputs  in  question  when,  lor  each  combination  considered,  the  maximum 
possible,  result  is  sought.  Here  I  simply  assume  that  the  bard  work  ol  this 
analysis  is  done,  and  that  the  probable  relation*;  between  dillereiil  combina¬ 
tions  of  inputs  and  output',  have  been  established.  Mnhvivcr.  given  tin*  great 
convenience  of  a  hvpolhcl ical  example,  il  is  assumed  that  these  relations  can 
he  approximated  in  a  tolerable  way  bv  very  simple  functions. » !  assume  that 
one  result  or  tne  study  ol  Typed  .operations  is  the  curve,  drawn  in  Fig.  ml. 
That  Curve  describes  the  alternative  combinations  of  these  two  inputs  that 
would  be  consistent  with  retention  of  the  target  capability  that  was  the 
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I'issili-  material 


I'i*.  h.  1  C  onstant -output  combinations 

maximum  possible  with  ilia  iniiia!  allocaiiou  of  inputs,  ami  cvcis  point  on 
the  curve  rellects  1  ho  upiimul  iaelies  for  the  eri von  comhiuation  of  inputs. 

I'lie  slope  ol  tin.'  curve  lellccts  possibilities'  of  .substituting  one  ol  these 
inputs  for  another.  (neater  supplies  ol  lissile  material  would  make  it  possible 
to  have  mole  Bombs  or  bigger  bombs,  !h;,it,  in  turn,  would  mi'J.e  it  possible 
to  llv  fewer  soili.'s,  lor  a  greater  iiiiiiiIh  i  ol  bombs  oi  more  poweifnl  bombs 
wool. I  i.iisi  the  prol i:ilu 1 1 1 \  ol  largci  ileslmelion  on  am  particular  sol  he.  a 

ilimiiuilion  in. the  requirements  lor  pie-  ami  posi  strke  reeonnaissanee  might 
ho  possible,  ami  su  forth,  lint  llie  possibilities  ol  substitution  are  limited.  In 
the  nature  of  the  ease,  one  would  expect  that  substitution  would  become 
ine’i ensinglv  d i i ti c lilt  the  more  one  allenipled  to  substitute  lissile  malerial  hu 
airplanes.  That  plvmomenon  is  ilhtsli  alcil,  veiy  conveniently  if  vcj\  tin 
realistically,  In  making  the  iuciei/rfL'iitnl  rate  ol  suhstihilion  belwccn  inputs 

at  anv  point  equal  In  the  input  -proportions  al  that  poml  At  the  initial 

allocation  to  Tv  pc  I  Lai  gels  .  I  ,"t. planes  and  N  units  ol  iissrle  mateii.d.  or  /“  i 
.in  lie.  fi.l  the  incremenltil  rate-  ol  -substitution  i-.  I  planes  lot  I  unit  ol 
lissile  material.  Should  the  allocation  ol  inputs  he  icvcised  to  M  units  ol 

lissile  inaleiial  and  X  planes  at  /'  .  however.  the  inci ei neutal  rale-  ol,  sub 
sliiniion  would  be  I  plane  lor  4  mills  ol  lissile  malerial.  Between  l‘i  and  /’■ 
the  inert  mental  lale  ol  substitution  ehanges  s:\tccidold. 

(inn  woo  |  d  eertaililx  expect  to  hifd  a  somi-w'Ual  dilh-rroi  I  Utn-f  looaj  iiehil  ion 
loi  the  second  and  dillcr&ul  kind  ol  target.  liul  lei  1 1-.  assume,  again  lot 
simplicity,  dial  the’ same  relation  pfevaiis  Bar  both.  {  unsequcnl  K .  the  ihilial 
situation  for  I  vpe  li  targets  is  described  In  /' -  on  big.  ■(>.].  I  he  diveisity 
in  proportions  ol  inputs  provided  loi  the  two  uses  is  striking  when  the 
functional  relation  between  inputs  and  outputs  is  die  same  Bui  that  can 
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happen  ill  practice.  The  initial  allocations  of  inputs  to  the  two  uses  might 
have  been  derived  quite  independently,  ami  an  occasion  for  inquiring  about 
any  consistency  in  allocations  between  the  two  uses  inigi.il  never  have  arisen. 
It  is  even  possible  that  the  ditl’crence  in  initial  input  proportions  arose  because 
the  -.allocations  weie  decided  by  different  operations  analyses.  Perhaps  the 
initial  allocation  to  Type  1  targets  was  decided  upon  in  the  light  of  an  opera¬ 
tion  analysis  whose  criterion  was  that  of  maximizing  likely  target  output  per 
iip.it  of  lissilc  niaterial,  because  that  input  was  he  id  to  be  in  pai'ticuiaris  scarce 
supply.  On  the  other  hand,  .an  operations  analysis  for  Type  II  targets  'may 
have  used  a  criterion  of  maximizing  likely  taigei  output  per  airplane  because 
of  a  natural  concern  with  operational  losses,  lather  criterion  is  obviously 
incomplete  because  il  concentrates  upon  one  input  iis  if  the  real  cost  of 
employment  of  The  other  input  in  question- were  zero. a 

to  show  that  this  sort  of  incomplete  criterion  is  tr'eaVdic rolls,  we  need  only 
look  at  our  two  allocations ‘'simultaneously.  It  is  convenient  to  do  so  by 
turning  the.  diagram  that  applies  to  Type  j!  targets  by  ISO  in  older  to  super 
impose  it  on  the  diagram  that  applies  to  Type  I  targets.  T  hat  generates  big.  (i.2, 
in  which  allocations  to  Type  I  targets  are  measured  by  the  lower  set  of  axes 
and  allocations  to  Type  II  by  the  upper  axes.  The  initial  allocations  to  the  two 
commands  are  now  represented  by  a  common  point.  Heme  n  1  is  a  box 
diagram  in  which  any  point  represents  a  feasible  allocution  between  thy  Ivvo 
lists  uf  tin.  givCu  tola!  supply  of  inptdx  that  exhaust  the  available  supplies. 
Hut  while  all  points  ale  feasible,  some  me  clearly  better  than  olivets. 

What  is  wrong  with  the  initial  allocation  is  best  demonstrated  by  showing 
the  results  of  changing  it.  The  general  direction  ol  a  rcwauliug  change  is 
easily  perceived.  hor  Type  I  targets,  fissile  material  ..is  so  scarce  that  i'le  sub 
stiiulinn  value  ol,  one  unit  o|  il.  is  worth  lorn  planes.  In  great  contrast,  iissile 

material  for  Type  11  targets  is  so  plentiful  that  one  unit  of  it  j,s  valued  in 

substitution  terms  at  only  one-fourth  <U'  a  plane.  Because  ol  the  great  in¬ 
consistency  between  the  substitution  values  of  an  identical  unit  in  two  dilfcrcut 
uses?  there  is  loom  for  mutual  gain  by  bailing  inputs  between  these  two  use's. 
Suppose,  for  example,  ”  that  inputs  aie  ti  ailed  between  the  two  commands 
involved  on  the  hasis  that  each  gives  up  one  unit  ol  its  less  valued  kind  ol 

input. in  cider  to  get  one  unit  of  the  kind  o!  input  it  values  more,  so  that 

they  arc  Trading  at  terms  ol  !  .  I  bach  command  gains  markedly  ■  In  such 
a  transaction.  Initially  what  each  receives  is  v/c.ith  four  linns  as  much  as 
that  which  is  given.  Since  trade  is  so  mutually  piyilitahle,  each  will  desire  to 
expand  it.  A  limit  to  mutual  gain  from  such  Hade  Is  imposed,  ol  course, 
because  the. substitution  value  ol  one  input  for  the  other  can  lie  expected  to 
change  in  an  offsetting  way  as  trade  proceeds.  One  point  at  which  the  limit 
would  be  reached,  for  example,  is  in  big.  (>.T  At  the  allocation  would 
he  20  uniis  of  fissile  material  and  20  planes  to  each  command,  and  the  rate 
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Fig.  6.2  Joint  allocations  » 


ol  subfditulion  between  the  two  inputs  lor  eilher  target  type  would  have 
lallen  to  1:1  in  correspondence  with  the  trading  rate  between  them.  There 

would  no  longci  be  a  possibility  of  trading  a  less  valued  lor  a  more  valued 

input.  Hill  in  moving  from  I' i  to  the  combat  capability  of  both  commands 
would  be  markedly  enhanced'. 

There  are  oilier  points  in  Fig.  6.2  that  satisfy  ibis  condition  of  a  rate  of 
substitution  between  the  two  inputs  of  1:1  in  each  use,  a  rate  lhat  makes 
the  use  value  conform  with  (he  ratio  of  total  input  availabilities.  These  points 
define  the  set  ol  eHieient  alloealions  lor  this  problem,  shown  as  a  doited 
line  in  Fig.  (,.l.  This  >.c-t  has  the  property  th.nl  more  of  one  kind  of  target 
capability  cannot  be  achieved  except  at  the  cost  of  the  other  capability.  Such 
is  not  the  ease  with  inefficient  allocations  like  the  assumed  initial  ones. 

( 'onxeijiicnlly,  it  is  important  that  alloealions  ol  shared  inpuls  between  com¬ 

peting  uses  he  al  one  of  these  efficient  points,  and  it- s-hould  be  the  objective 
ol  the  operations  analyst  to  establish  where  the  ellicient  points  lie.  When  lie 
has  done  ,o,  lie  will  have  established' the  necessary  conditions  (ui  minimizing 


-  !  lie, simple  'elation  assumed  was  complicated  iu.st  enough  to  be  realistic  in 

i'll  showing  inc! easing  lack,  of  substitutability  of  one  input  for  the  other  as 
Mibelihilion  proceeded,  and  f 2)  exhibiting  constant  returns  to  scale,  that  is,  doubling 
both  inputs  doubles  output,  file  .relation  is 

Targets -e  It.  |  ,LM  j  /’. 
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the  real  costs  of  obtaining  stipulated  amounts  of  one  objective  in  terms  of 
the  other  objective  foregone. 

■•  The  analyst  who  works  on  Type  11  problems  must  derive  measures  of  the 
scarcity  value  in  the  use  of  one  input  in  terms  of  another,  which  may,  but. 
probably  will  not,  accord  with  the  past  record  of  the  prices  at  which  one 
input  was  secured  relative  to  another:  The  measures  would  only  be  in  accord 
if  past  planning  had  been  optimal,  or,  if  you  prefer,  lucky.  Incidentally,  the 
derived  measures  of  scarcity  value  arc  by-products  of  a  linear  programming 
optimization  when  that  technique  is  employed,  and  may  be  familiar  to  some 
as  “shadow  prices”.  The  analyst,  will  he  concerned  with  the  achievement  of 
consistency  in  the  scarcity  values  ol  inputs  in  different  uses.  The  “operation” 
at  issue  then  involves  more  than  one  objective  competing  for  the  same  inputs, 
and  That  operation  must  be  looked  at  as  a  whole  if  appropriate  measures 
of  efficiency  are  to  Vie  derived  from  considerations  that  are  internal  to  the 
analysis. 

...  :i  ■ 

6.3.  V ARIA  if  I:  INPUT  SIIIUM  .IHS 

The  problem  of  an  operations  analyst  may  be  longer  in  .range  than  the 
example:  I  have  used,  and  there  may  be  more  time  to  adjust  the  operations 
in  question.  Where  this  is  the  ease,  we  have  a  third  category  of  problems 
to  which  Ihc  rest  of  our  discussion  applies.  Under  these  circumstances  it  is 
no  longer  appropriate  io  solve  allocation  problems  as  if  the  aggregate  supplies 
of  inputs  wci e  fixed  in  amount  and  specific  in  form.  To  do  sc.  would  he  to 
ignore  possible  great  improvements  in  efficiency  due  to  changing  the 
form  and  amounts  of  the  inputs  to  be  supplied.  The  same  argument  for  con¬ 
sistency  in  the  substitution  value  of  different  inputs  among  alternative  uses 
still  applies,  but  an  extended  application  is  required,  procurement  costs.  ajid 
therefore  ultimately  production  costs,  become  relevant.  We  must  now  ask, 
“At  what  rate  can  one  input  be  substituted  for  another,  not  only  in  use,  but 
also  in  prospective  availability?”  K  the  rate  at  which  one  input  can  he  made 
available  in  terms  of  the  other  diverges  from  the  rate  at  which  the  one  input 
can  lie  expected  to  substitute  for  the  other  in  the  particular  use  in  question, 
there  are  opportunities  for  futher  improvement.  The  inputs  to  the  one  opera¬ 
tion  are  outputs  elsewhere  in  the  economy,  and  more  of  one  can  he  obtained 
at  the  cost  of  less  of  the  other  by  shifting  resources  from  the  production  of 
one  to  that  of  the  other.  Should  resources  he  shifted? 

The  application  of  this  extended  test  of  etiiciencv  is  simple,  only  if  it  is 
clear  that  the  appropriate  general  cnnstiaini  rs  a  budgetary  one  and  it  un¬ 
limited  quantities  of  all  the  inputs  in  question,  can  he  bought  and  sold  at 
..  known  prices.  Or,  if  they  can  he  bought  on  these  terms  but  not  sold,  the 
test  is  simple  only  if  the  inputs  are  similar  in  vital  respects,  namely,  in  our 
military  example,  if  they  can  be  expected  to  have  a  similar  service  life.  For 
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our  military  example,  we  should  have  a  simple  solution  only  if  we  could  buy 
and  sell  fissile  material  or  airplanes  at  a  rate!' of.  say,  two  units  of  fissile 
material  for  the  same  price  as  one  airplane.  If  that  is  possible,  we  can  enhance 
our.  target  capabilities  or  reduce  our  total  costs  still  further  hv  buying  fewer 
airplanes  and  more  fissile  material.  A  new  set  of  efficient  allocations  would 
be  defined. ,i  Iti  terms  of  the  constant  output  curve  in  Fig.  6.1,  it  would  now 
pay  to  move  to  a  point  on  the  curve  at  which  tne  rate  of  substitution  of  fissile 
material  for  airplanes  would  be  expected  to  be  2  :  1  rather  than  1:1. 

Ilut  our'  military  example  was  chosen  to  raise  some  hard  problems:  What 
costs  arc  pertinent  to  \v|v>ni.  and  how  are  flaw  to  be  measured'1  “To  whom'’” 
is  an  especially  pertinent  question  because  at  least  two  governmental  organiza¬ 
tions  are  involved  -the  Aii  Force  and  the  Atomic  1,’neigy  Commission.  ii  an 
operations  analyst  works  on  a  purely  Air  Force  oplinuzation,  dearly  he  will 
get  an  answer  that  military  capability  will  be  maximized  for  given  Air  Force 
budgets  bv  using  fissile  material  so  liberally  that  further  units  pf  fissile 
material  could  not  be  put  to  any  use  at  all  (that  is,  to  a  point  where  fissile 
material  no  longer  had  any  scarcity  value).  From  the  point  of  view',  of  the 
United  States  til  is  is  undoubtedly  a  bap  solution  because  the  excessively 
liberal  supplies  of  fissile  material  can  only  be  provided  at  real  cost,  fo  get 
any  sort  of  a  sensible  answer  from  the  point  of  view  of  the  government  as 
a  whole,  a  joint  optimization  must  be  tackled  involving. the  operations  of  the 
Atomic  F.nergv  Commission  and  its  current  and  piospeclive  customers.  Need¬ 
less  to  say,  such  a  joint  optimization  is  a  staggering  problem". 

The  problem  of  whose  costs  ought  to  be  considered  in  the  analysis  comes 
up  often  in  operations  research.  The  analyst  must  confine  his  attention  to  a 
'veritably  small  segment  of  a  problem,  but  he  must  beware  that  no  great  costs 
or  benefits  that  “spill  over"  between  the  operation  in  question  and  other 
operations  are  improperly  left  out  of  account.  For  example,  in  the  design  of 
a  car  parking  operation  for  an  airport,  one  size  of  lot  and  pricing  policy  may. 
be  derived  font  n  criterion  of  maximizing  net  parking  revenues,  and  another 
size  of  lot  and  pricing  policy  from  the  criterion  of  maximizing  net  revenues 
for  the  air  operations  as  a  whole'.  Given  the  first  criterion,  the  revenue  lost 
because  a  lew  people  will  not  be  able  to  park,  and  thereby  will  miss  their 
planes,  might  seem  a  small  consideration.  Hut  ir  may  he  a  major  consideration 
to  the  airliner;  to  whom  the  major  loss  “spills  over”. 

8  For  a  suggestive  unclassified  discussion,  see  S.  l  .nke,  Some  Economic  Aspects 
of  Fissionable  Material,  The  ranu  Corporation,  P-dfi?.,  November  25,  1953;  also 
published  in  The  Quarterly  Journal  of  Economics ,  vo!  (IX,  no.  2,  May  1954, 
pp.  217-232." 

4  S.  Waldron  and  J.  Sioinhaidi,  “Comments  on  ‘Fvmualing  the  Adequacy  of 
Airport  Parking  Lots’”,  Operations  Research,  vol.  4,  no.  1,  February  1959, 
TP.  122  123. 
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l  lii'  problem  oi  whal  costs  arc  la, .In*  considered  is  an  allied  question.  1 
assume  here  that  the  operations  analyst  has  some,  latitude  in  choosing  or 
advising  what  costs  ought  to  he  considered,  ratlier  than  simply  being  laid  the 
ones  to  consider.  To  revert  to  our  fissile-material  illustration,  an  analyst 
tackling  the  ambitious  joint  optimization  would  like  to  estimate  explicitly  the 
increase  in  aircraft  production. that  would  he  made  possible  by  a  given  release 
of  resources  from  fissile-material  production.  Such  an  estimate  would  give 
him  .a  real  measure  of  available  supplies  of  the  one  in  terms  of  trie  other, 
and  that  measure  could  be  compared  to  bis  estimate  of  prospective  sub¬ 
stitutability  >n  use.  Lint,  as  we  all  know,  adjustments  in  die  icomnuv  to 
altered  patterns  of  production  typically  lake  place  ituliieetly  rallujr  than 
directly,  and  with  many  subtle  ramifications.  I  he  highly  qualified  chemical 
engineer  icli-ased  at  Hartford  dues  not  move  direct  I  v  to  a  job  as  an  aeronautic 
specialist  yl  Seattle.  If,'  tor  a  particular  type  III  problem,  the  indued  adjust¬ 
ments  involved  in  resource  shifts  can  be  traced  explicitly  by  an  operations 
analyst,  and  satisfactory  measures  of  com  par-alive  real  resource  cost  derived, 
all  power  to  him. 

If  comparative  real  costs  cannot  be  derived  explicitly,  which  is  likely,  the 
opei  aliens  rinalyst  is  left  with  a  choice  between  two  .broad  alternatives.  lie 
can  use  a  measure  of  elliciency  derived  from  considerations  internal  to  his 
analysis  that  do  not  involve  production  costs,  or  lie  can  assume  that  a  dollar's 
command  over  resources  involves  the  same  real  costs  in  one  place  as  in 
another  in  the  economy,  and  snbsliluie  estimated  money  costs  fot  real  costs 
in  his  analysts.  Neither  alternative  is  perfectly  satisfactory,  lor  each  is  likely 
to  involve  some  arbitral  v  elements.'  f  be  elements  01  artuti  ui  hie-e.  are  likely 
to  be  gross,  however,  if  the  analyst  resorls  to  the  liixt  alternative.  What  is 
1 1 is  measure  of  elliciency  to  he?  One  possibility  is  to  use  the  same  sort  of 
measures  that  are  appiopriale  for  ..Type  II  problems,  and  be  content  to 
seek  consistency  in  scarcity  values  within  the  operations  ai  issue  .on  the 
assumption  that  .pccific  cnnr.ii.. ur.tr,  similar  to  those  that  govern  current 
operations  will  govern  ft'iline.. operations.  In  this  ease,  the  treatment  ol  cost 
oonsideratioris  slops  short  of  pioduelion  costs.  But  clearly  this  is  no  answer, 
for  it  ignores  Type  III  pt  ol  items' ntlhei  than  solves  them. 

Another  possibility  is  to  substitute  eilicicncy  measures  that  do  not  involve 
e cists  at  all  in  the  general  sense  that  1  have  been  using  the  term,  but  involve 
physical  measure#  internal  io  ihe  analysis.  .The  man-hours  required  directly 
in  certain  future  operations  may  he,  minimi/ed,  io  Use  one  ob.'ioii  ,ly  is.nl 
example.  But  if  siicli  partial  measure  is  used,  inputs  lei!  out  ol  the  measure 
aie  illicit  1  v  assumed  to  be  free.  What  o!  the  cost  oi  i-.thc  capital  equipment 
required  io  lower  direct  man  hours?  Moreover,  the  inputs  included  in  the 
measure  may  not  be  weighted  appropriately.  What  of, the  value  ol  a  higlilv 
skilled  engineer  man-hour  relative  to  a  common  labor  man-hour?  flic  inclusion 
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of  all  the  inputs  in  the  measure  in  an  appropriately  wiigijtcO,  wsy /as  required, 
a  lid  that  means  we  are  hack  at  the  stalling  point  in  sear;;!)  o?  measures of 
comparative  real  cost  to  supply  the  needed  weights  for.  I^ie  Measure. 

The  second  alternative  of  using  expected  money  costs  %/i  ■  measures  01  real 
costs  assumes  that  relative  prices  in  the  market  place  are  appropriate  measures 
of  the  rates  at  which  one  item  can  be  substituted  for  another  in  production. 
The  analyst  has  only  one  argument  in  support  of  that  assumption  in  general. 
Suppose  the  expected  i dative  prices  or  items  diverge  from  their  potential 
rates  of  substitution.,  in  production.  That,  will  make  some  lines  of  production 
more  profitable  than  others.  In  a  competitive  economy  the  more  profitable 
lines  of  production  will  tend  to  expand  at  the  expense  of  the  less  profitable, 
and  the  ■resultant  altered  flows  of  products  to  the  market  will  tend  to  bring 
relative  product  prices  into  conformity  with  their  rates  of  substitution  in 
•  production.  Ideally,  a  tendency  toward  perfect  conformity  will,  exist.  The 
strength  of  that  tendency,  and  lienee  the  validity  of  the  general  assumption 
that  the  operations  analyst  makes  when  he  uses  dollar  measures  of  costs, 
depends,,  triticaliy  upon  general  policy  measures  that  arc  likely  to  lie  oulsulc 
the  purview  of  any  particular  operations  analysis.  One  can  only  mention  here, 
for  example,  that  governmental  antimonopoly  measuies  vitally  alTect  the 
strength  of  that  tendency  in  the  economy. 


6.4.  Somi-  SIM.l  IAI  AXIOMS 


One  of  the  general  functions  of  government  regulatory  measures,  in- 
'cidentally,  is  to  convert  wluit  would  otherwise  be  “spill-over”  costs  and  benefits 
between  different  operations  in  the  economy  into  costs  and  benefits  that  are 
internal  to  the  decisionmaking  unit  and  will  appropriately  constrain  its  actions. 
Thus  we  want  to  lax  smug  creating  activities  enough  to  transfer  the  costs  of 
smog  hack  to-  its  creators  and  give  them  an  inducement  to  alleviate  it.  That 
general  function  of  regulatory  measuies  is  especially  lelovani  to  opgialions 
researchers.  As  this  function  is  hotter  performed,  the  validity  ol  using  money 
costs  in  various  operations  analyses  is  strengthened.  And  to  perform  this 
function  better,  many  good  operations  analyses  are  needed.  There  are  many 
situations,  particularly  but  not  exclusively  in  government,  where  rigorous 
demonstrations  of  the  existence  and  magnitude  ot  "spill-over  costs  and 
benefits  are  required  to  define- truly -efficient  operations,  hut;  those  demonsfia- 
tions  are.  tacking. 


jVfy  general  argument  is  that  an  operations  analyst  is  unlikely  to,  he  able 
to  estimate  comparative  production  costs  explicitly  in  real  terms,  and  that 
the  substitution  of  estimated  money  cosis  is  ihc  least  unsatisfactory  of  the 
alternatives  left  him.  This  does  not  imply  that  he  should  use  conventional 
money  estimates  uncritically.  For  a  particular  problem,  an  analyst  may  find 
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good  reason  to  alter  some  cost  estimates  because  he  discovers  divergences 
between  conventional  dollar  figures  and  the  real  resource  costs  that  are 
| pertinent  to  his  problem. 

Consider  an  analyst  concerned  with 
projects,  say  the  building!  of  dams.  Sri 
interest  rate  in  his  calculations  as  one  cost  parameter  leads  to  a  recommend?. cl 
list  of  three  dams,  each  of  an  ambitious  size.  But  suppose  a  congressionally 
imposed  budget  constraint  makes  it  impossible  to  build  all  the  darns  that  big. 
One  feasible  solution  may  he  to  leave  the  plans  of  two  dams  unalfected,  and 
drop  the  third.  A  better  solution  may  be  to  build  all  three  at  reduced  sizes. 
The  way  to  test  whether  it  is  a  better  solution  is  to  calculate  what  the  scarcity  ■ 
value  of  capital  funds  really  is  for  this  government  operation  at  various 
budget  levels.  That  is,  at  what  percentage  rate  must  future  opposed  streams- 
over-time  of  costs  and  receipts  from  various  alternative  investment  plans  be 
discounted  tof  make  those  streams  equal?  At  a  particular  budget  level  the 
investment  plan  with  the  highest  rate  is  tire  one  to  adopt.  Capital  funds  that 
have  a  productivity  of  20  per  cent  in  an  operation  should  not  he  diverted 
wastefuiiy  to  5  per  cent  uses  just  because  that  market  rale  ot  interest  irrel¬ 
evantly  prevails  elsewhere.  The  market  rate  is  relevant  to  the  private  firm 
because  it  can  hedge  a  probable  pattern  of  future  monetary  returns  and 
disbursements  by  investing  or  disinvesting  in  the  market  at  about,  that.  rate. 
Consequently,  one  aspect  of  an  analysis  of  the  investment  plans  of  a  firm 
may  be  easier  (ban  for  a  government  agency.  Bill  that  alternative  of  hedging 
is  not  open  to  a  government  agency,  ihe  congressionally  imposed  budget 
constraint  is  especially  determining,  and  the  special  features  «f  the  budget 
constraint  must  be  taken  into  account.  Different  situations,  of  course,  call 
for  different  solutions. 

The  treatment  of  time  series  of  costs  is  an  acute  issue  in  our  earlier  military 
illustration.  If  the  costs  of  fissile  material  and  airplanes  that  would  he  inciijfred 
by  particular  choices  in  various  future  years  aie  estimated,  how  arc  they 
to  be  summed  into  one  measure  for  any  elfceliveness-eost  comparison  of 
alternatives?:  that  issue  is  acute  because  fissile  material  is  longer  lived  than 
airplanes,  and  may  well  have  ari  appreciable  salvage  value  in  future  years, 
while  the  desired  military  capabilities  cannot  be  sought  for  only  one  particular 
contingency  at  one  particular  time.  For  our  inherently  imprecise  military 
problem,  no  one  neat  solution  is  possible. 

But  we  can  improve  upon  the  arbitrariness -of  a  typical  summation  of  costs 
over  n  years  when  one  dollar  in  year  n  is  valued  equally  with  one  dollar  now, 
while  one  dollar  in  year  «  |  1  is  valued  at  zero,  a  procedure  especially 
likely  to  make  our  choices  sensitive  to  the  number  chosen  for  n.  We  can 
apply  various  discount  rates  without  such,  an  abrupt  discontinuity,  exper¬ 
imenting  with  higher  rates  of  discount  than  those  conventionally  employed 
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because  of  the  'special  uncertainty  attached  to  Inline  disbursements,  and  lest 
the  sensitivity  of  our  results  to  such  variation., .In  short,  we  can  and  should 
apply  sensitivity  tests  for  this  rate  as  for  other  critical  parameters  in  our 
i,  analyses  of  whose  magnitude  we  cannot)  he  certain.  ./ 

One  general  disclaimer  is  in  order.  Throughout  these  remarks  only  the 
efficiency  aspect  of  choice  pfcohlems  lias  heen  considered.  Obviously  a|l 
objectives  cannot  be  reduced  to  that  of  ellieieuey  alone,  which  is  one  reason 
.dor  using  from  the  outset  an  example  where  important  issues  of  efficiency 
can  he  handled  despite  the  iuehmme-nsujahility  of  different  objectives,  liven 
•in  the  case  of  a  business  linn,  it  may  he  very  difficult  to  value  one, objective 
itt  terms  of  others,  fhe  managers  of  a  business  firm,  may  desire  not  only 
high  money  profits,  but  a  "quiet  hie”.  More  generally,  wc  may  be  interested 
not  only  in  efficient  allocations  of  inputs  among  dilfcrent  uses  in  the  economy 
its  a  whole,  but  also  in  "lair  shares"  in  the  distribution  nf  wealth  and  income. 
We  are  not  able  to  reduce  ellicieney  to  aj  common  denominator  with  equiiv 
in  any  general  sense.  ,t.  .  f 

Mv  concern  iiits  been  to  identify  some  vuuccptual  problems  raised  by  cost 
consilient!  ions  in  operations  research,  and  to  stress  the  need  to  disci  imiuaic 
among -groups  of  problems.  In  pracliee,  of  course,  the  entire  problem  will 
probably  not  fall  neatly  into  one  of  the  three  categories  that  have  been 
identified.  A  typical  problem  will  have  to  be  handled  subject  to  a  judicious 
blend  of  a  general  constraint  and  some  specific  constraint*.)'.  An  analyst  probing 
for  inellieiency  in  a  particular  operation,  for  example,  may  become  convinced 
of  manliest  ineiheieney  before  lie  knows  vvhelhei,  in  our  terms,  it  was 
occasioned  bv  a  neglect  of  proper  cost  cuubder ations  al  ;i  Type  1,  II,  or  111 
level.  - 

I  am  fond  of  the  story  ot  the  military  commander  who  was  sharply 
reprimanded  for  using  col  lee  us  a  sweeping  compound  in  his  command. 
I*i  esumahly  eolfey  is  so -valuable  in,  its  use  as  a  beverage  that  it  should  not 
be.  dive  ted  to  sweeping ,  even  if  technically  oliicient  in  that  use.  But  perhaps 
the  commander  was  allocated  so.  much  ce.ilee  thnl  ins  men  could  not  possibly 
drink  it  all.  forbidden  Ip  sell  it.  his  only  alternative  to  using  it  as  a  swye.ping 
compound  was  to  throw  it  out.  li  that  was  She  base,  the- commander  was 
criticized  for  honoring  the  very  precepts  of  minimi/.ing  real  costs  that  i  have 
been  talking  about. 
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ANALYSIS'  AND  DESIGN 
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O  b  CO  N  F  L I  CT  S  Y  ST  E  M  S  1 
ALBERT  WOHLSTETTElt 


1  he  subject  ol  this  chapter—  the  design  and  tot  inflation  of  system  studies 
is  among  the  most  important  and  at  the  same  time 'among  the  most  didieult 
to  say  anything  very  formal,  precise,  and  positive  about,  it  is  easy  to  .  Ay  a 
lot  of  negative  things  on  the  subject,  but  it  must  be  clear  at' the  outset  that 
no  rules  will  guarantee  an  effective  system  design.  For  systems  analysis,  or 
what  „I  shall  call  conflict  system  design,  is  not  the  same  tiling  as  model 
construction  or  game  building.  1  would  like  to  say.  a  bit  about  the  distinction 
between  them. 

7.1  SySTI-.MS  ANALYSIS  VERSUS  MODELS.  AND  Tilli  I'ROHI.RMS  MOIIVATMO 
A  N  A I  YSIS 

A  systems  analysis  is  an  attempt  to  discern  and  answer  questions  of  impor¬ 
tance  in  choice  of  policy.  A  mathematical  model;  as  K.  U  Specht  has  made 
clear",  is  frequently  a  most  useful  device  in  obtaining  answers  to  these 
questions.  Sometimes  two  or  three  mathematical  models  are  even  more 
helpful.  However,  as  he  suggested,  the  construction  and  manipulation  of  such 
models  is  bv"n<»  means  the  wholeHof  the  job.  In  fact,  asking  fruitful  questions, 
ingeniously  'designing  alternative  systems  to  he  compared,  and  skillfully 
interpreting  the  results  of  the  calculations  pci  formed  in  the  comparison; 
relating  them  to  the  problems  that  motivated  the  inquiry.,  sue  much  more 
critical  phases  than  the  manipulation  itself.  Analysis  arc  sometimes  .pi one  io 
forget  this  because  most  of  their  time  is  speni  in  manipulation,  and  because 
the. ■manipulatory 'techniques  arc  most  easily  explained  and  transferred— -Cook¬ 
book  fashion. 

1  I  want  to  thank  J.  F.  Digby,  Hamel  1'ilsberg,  F.  S.  Hoffman,  ft.  J.  Kahn, 
and  E.  S,"  Quade  for  stimulation  in  connection  with  this  chapter.  An  abstract  of  it 
was  presented  at  the  Second  International  Conference  on  Operational  Reseat ch, 
Aix-en-Provcncc,  France,  September  1960. 

•"  See  Chapter  4.  .  * 
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A  careful  study  of  the  Palmer  method  of  penmanship  is  no  foolproof 
formula  for  writing  a  good  novel,  though  a  clear  hand,  speed  in  at  least  one- 
finger  typing,  knowledge  of  grammar,  and  ability  to  spell  all  help.  Toi  a 
systems  study,  skill  in  quantitative  model  building  is  useful  and,  where  the 
problem  is  complex,  even  essential  (unlike  the  case  of  penmanship  and  the 
novel).  But  it  is  not  enough';  A  systems  study  would  he  much  easier  if  it  were 
merely  model  construction. 

C\  J.  Hitch  has  made  it  clear  that  systems  analyses  are  anything  hut  easy'*. 
You  will  recall  that  he  illustrated  how  the  intrepid  analyst,  interested  in 
comparing  alternative  systems  for  development,  might  he  attempting  to  pick 
one  out  of  a  million  or  more  alternatives.  I  would  like  to  stress  in  ihis  connec¬ 
tion  that  the  difficulties,  Mr.  Hitch  recounted  arise  largely  because  of  the 
necessity  to  relate  the  results  of  calculation'  to  the  defense  problems  motivating 
the  inquiry.  They  arc,  in  fact,  the  Defense  Department's  difficulties.  The 
four-to-the-tenth-power  alternatives  that  explicitly  beset  the  analyst  are  present 
in  equal  multiplicity,  if  not  equal  explicitness,  whenever  the  Department  of 
Defense  makes  a  decision  to  develop  a  specific  type  of -bomber  or  missile. 
The  analyst’s  problem  is  the  same;  in  this  respect,  as  that  of  the  decisionmaker. 

I  have  talked  of  military  decisions.  My  point  applies  at  least  equally  to 
analysis  for  decisions  and  agreements  to  reduce  or  to  restrict  the  operation 
of  military  forces,  that  is,  arms  control.  The  perplexities  involved  in  arms 
control  decisions  are  at  least  as  great  as  those  plaguing  the  more  familiar 
military  decisions.  Tor  one  thing,  an  analysis  for  arms  control  needs  to.  include 
an  evaluation  of  the  effects  on  the  military  stance  of  both  sides  and  their 
adequacy  for  the  political  and  military  objectives  of  both  sides. 

Jt  is  fashionable  to  suggest  that  arms  control  conferences  could  settle  issues' 
easily  if  only  the  participants  were  sincere.  Sincerity  undoubtedly  has  some¬ 
thing  to  do  with  it,  but  is  hardly  the  whole  of  the  story.  Decisions  on  arms 
control,  even  more  than  decisions  on  arms,  arc'  extraordinarily  complicated. 

By  pointing  to  the  ‘  complexity  of  the  decisionmaker’s  problem,  1  do  not 
mean  to  suggest  that  sensible  decisions  are  impossible  without  systems  analysis. 
Jt  is  quite  clear,  in  fact,  that  several  have  been  made.  Sonic  of  the  million 
alternatives  can,  with  impunity,  he  dismissed  by  a  sensible  fellow,  whether 
an  analyst  or  a  decisionmaker.  On  the  ulhet  hand,  it  is  also  plain  that  fre¬ 
quently  in  the  past  very  important  alternatives  have,  been  ignored.  Anti  while 
systems  analysis  is  no  guarantee  that  we  will  consider  till  the  relevant  important 
alternatives  (systems  analysis  is  no  substitute- for  sense),  it  does  force  much 
gientei  explicitness  and  it  docs  make  the  alternatives  examined — and  the 
omissions-  a  little  more  open  to  scrutiny. 

Much  debate  in  recent  times  has  centered  on  the  problems  of  government 
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choice  among  the  “cardinal”  alteiiuiltives  confronting  our  society,  thflt ,  is, 

-p  ,  :■  i 

int  life  and  death  issues:  the  decision  to  develop  the  1  i-homh  or  to  gjt*  .all 
owl  on  the  ballistic  missile  program,  and  so  on.  These  choices',  involve 
advanced  technology,  the  disposition .  and  operation  of  military  forces, 5  and 
a  great  many  political,  military:,  economic,  and  technical  estimates  which  are 
intrinsically  uncertain.  Sortie,  of  these  estimates  must  be  concealed  bed  arise 
of  the  possibility  of  hostile  use  of  the  information.  Such  decisions  are  af-1  too 
fallible,  yet  the  exigencies  of  time,  and  die  need  for  many  sorts  of  specialized 
knowledge,  as  well  as  the  requirements  of  secrecy,  unfortunately  limit  the 
opportunities  for  criticism  in  what  follows  we  shall  have  occasion  to  talk 
about  strategies  for  dealing  with  these  intricate  and  intimately  associated 
problems  of  complexity,  uncertainty,  and  secrecy.  In  fact  there  is  no  liual. 
“solution”  to  such  problems.  They  can  only  be  reduced  or  made  somewhat 
more  manageable.  However,  it  is  worth  mentioning  at  this  point  that,  the 
systematic  and  explicit  character  of  a  systems  study  does  widen  the  possibilities 
of  criticizing  it,  and  so  reduces  to  this  extent  the  possibility  of  error. 

The  complaints  not  infrequently  heard  about  the  ^Assumptions  Made  in 
Systems  Analyses  do  not,  I  think,  mean  that  by  comparison  stall1  studies  and 
stall  decisions  by  military  men  ate  innocent  of  arbitrary  or  unrealistic  assump¬ 
tions.  Much  less,  as  1  heard  suggested  once,  that  they  are  innocent  of  assump¬ 
tion  altogether.  The  comparative  frequency  of  such  complaints,  which  are. 
sad  to  say,  sometimes  quite  we!!  founded,  is:  a  tribute  in  the  relative  explicitness 
of  the  assumptions  and  reasoning  in  a  systems  study.  Intuitive  judgments  based 
on  informal  experience  are  conditioned,  of  course,  by  assumptions  that  are 
less  easily  penetrated.  And  ’when  the  judgments  of  experts  conflict  it  is  often 
haul  to  explain  am!  reconcile  the  di  lie  fences.  The  ml  hoc  committees  that 
sprang  up  during  and  after  the  war  usually  have  reached  conclusions  by 
pooling  and  compromising  such  expert  judgments,  and  sometimes 'the  assttmp 
lions  underlying  the  conclusions  are  even  more  obscure  than  in  the  ease  of 
individual  experts.  Yet  if  the  decisionmaker  is  not  to  take  advice  on  faith,  he 
may  want  to  review  the  assumptions  and  evidence  and  the  formal  process  of 
masoning.  In  such  a. case  especially,  systems  analysis  can  assist  decision.  !i 

At  its  best,  operations  research  or  systems  studies  in  national  defense  should 
be  conceived  as  the  quantitative  method  of  science  applied  to  the.  refiaetoiy 
problems  described.  S;;  far  in  the  application  "of  such  a  method  to  decisions- 
for  unilateral  national  defense,  the  record  is,-  !  believe,  lather  spotty.  And  it 
has  hardly  been  applied  at  all  to  the  design  ami  serious  evaluation  of  bilateral 
arrangements  for  arms  control. 

ii 

However,  there  have  been  some  signal  successes  These  have,  1  flunk,  been 
greatest  when  the  systems  studies  have  concentrated,  not  on  the  elaboration 
of  large-scale  models,  but  on  the  diilieult  problems '  of  decision  described 
earlier,  on  the  framing  oi  questions' which  Joe  both  answei able  and  rclevmU 
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lii  these  problems  an.!  on  the  work  of  actually,  designing  new  and  better 
systems.  Mathematical  models  figure  then  as  necessary  hut  quite  subordinate 
tools,  l 

I  ike  intuition  and  experience,  tile  more  elaborate  models  are  useful  pri¬ 
marily  m  much  more  stable  situations.  For  example,  linear  programming  has 
been  useful  in  the  petroleum  and  transportation  industries,  where  the  technol¬ 
ogy  and  markets  are  rather  well  understood  and  where  experienced  decision¬ 
makers  have  arrived  at  fairly'  good  solutions  and  lind  it  hard  to  advance 
further.  Then  even  small  percentage  gains,  arrived,  at-  by  securing  the  exact 
optimum  allocation.  m«»ie  than  reward  the  elfort  involved  in  locating  this 
optimum.  The  situation  is  quite'  different  where  technology  and  objectives 
both  change  very  swiftly.  The  problem  here  is  not  to  locate  the  exact  peak 
Of  a  rather  flat  curve,  hut  generally  to  get  on  some  entirely  .different  curve, 
fi  have  seen  studies  that  try  to  determine  the  exact  best  way J to  perforin  an 
•operation  which  shouldn't  be  performed  at  all. 

Unfortunately,  operational  researchers  are  sometimes  infected  by  the 
disease  diagnosed  as  “new  loolism”  by  the  mathematical  statistician 
I..  J.  Savage.  They  come  possessed  of  and  hy  new  tools  (various  forms  of 
mathematical  piogramming,  vast  air-battle  simulation  machine  models,  queuing 
models.- and  the  like),  anil  they  look  earnestly  lor  a  problem  to  which  one  of 
these  tools  might  conceivably  apply.  But,  if  one  is  interested  in  defense 
derisions,  it  is  best  to  begin  the  other  way  around,  with  the  problem  itself,  to 
analyze  the  quantitative  consequences  of  impending  technological  and  political 
change  for  the  systems  that  are  currently  programmed,  and  to  devise  .signif¬ 
icantly  better  alternatives.  The  tools  that  turn  out  to  he  useful  for  analysis 
here  are  likely  to  he  more  liomclv,  hut  more  productive. 

Finally,  the  a  hove  suggests  that  a  systems  analysis  is  likely  to  he  most 
helpful  if  the  analyst  has  taken  care  to  examine  closely  the  character  and 
source  of  the  problem  confronting  the  decisionmaker,  the  objectives  he  wants 
to  achieve,  the  obstacles  h'i  must  surmount  to  achieve  them,  and  what 
achieving  them  does  for  him. 

I' 

7,2  An  aik  ■  Foricr.  j  xami'i  r:  ui:ni  sis  or  rim  im  ri«.ONn|WnNTAi.  mission 

1  el  me  illustrate  flute  points  ihe  complexify  of  the  .decisionmaker's 
problem,  its  substantial  identity  with  the  problem  tackled  by  the  .'analyst,  and 
the  usefulness  to  the  analyst  of  examining  the  way  the  decisionmaker's  problem 
arisd}.  by  recalling  the  history  of  the  U-.fb  and  the  genesis  of  the  Ah  Foicc 
requjnynciit  lor  an  intercontinental  bombing  capability. 

The  di-ii.  was  conceived  in  April  IW1,  after  the  fall  of.  FrafVce  and  a 
succession  of  defeats  isolated  tile  United  Kingdom  anil  consolidated  the 
Gcnuaii  position  in  Western  Fnrupe.  It  was  thought  of  as  a  hedge  against 
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the  possible  loss  of  !;ngland: 
would  be*  ;»b!w  to  flv  diver  the 


mi  iusui  unec  dial  in  the  event  of  this  loss,  we 
homes  o!  onr  j  alien  It  tends  to  administer  some 


damage  to  Germany.  Major  Vandenhcrg  and  a  small  study  group  in  the  Air 
Plans  Section  called  for  a  bomber  of  10  OOO-statute-milc  range,  capable  of 
delivering  10  000  pounds  of  high  explosive.  By  the  fall  of  1941,  after  a  design 
contest,  two  prototypes  were  ordered. 

In  the  B-36,  it  is  clear  that  the  Air  Force  successively  confronted  develop¬ 
ment,  procurement,  and  operations  problems  with  all  of  the  difficulties  that 
Mr.  Hitch  listed — and  a  few  he  did  not  mention  in  totting  up  his  four-to-tlie- 
tenth  power  possibilities.  Questions  that  were  explicitly  considered  at  various 
times  concerned  alternative  bases,  target  systems,  cruise  and  maximum  speeds, 
cruise  and  bombing  altitudes,  bomb  lbads  and  yields,  enemy  defense  perform¬ 
ance,  enemy  offense,  feasible  production  schedules  for  i'nc  R-.lft  and  its 
alternatives,  distinct  methods  for  - accomplishing  intercom i non l al  bombing 
without  an  unrcfueled  intercontinental  bomber,  and  a  variety  ot  others.  And 
under  each  head,  hi  general,  many  more  than  four  alternatives  (four  values 
each  for  the  development  parameters)  actually  were  considered  or  were 
forced  upon  us.  For  example,  what  bases  might  he  lost  or  won  by  our  forces 
during  the  war?  After  the  war,  what  bases  could  be  made  available  by 
negotiation?  Would  we  use  the  against  Germany?  Japan?  Russia?  The 

B-J6  was  designed  before  the  development  in  the  United  States  of  jet  engines. 
It  ended  up  with  four  jets  added  to  reinforce  its  six  props.. And  it  ended  up 
with  the  prospect  of  facing  jet  lighters  of  a  performance  <|Uahty  its  own 
designers  could  hardly  have  foreseen.  Most  striking  of  all  perhaps,  as  revealed 
bv  ihr  testimony  of  General  brcdcnck  Smith1,  none  of  the  people  who  had 
hi  on  concerned  with  the  development  of  the  M-Jh  were  aware  ol  the  parallel 
..development  of  the  A-bomb,  dropped  on  Hiroshima,  until  they  read  the  news 
in  the  daily  papers. 

While  the  two  prototypes  were  being  readier!,  the  situation  changed 
drastically.  The  prototypes  had  not  been  delivered  by  the  summer  of  194  V 
and  by  then  it  was  clear  that  the  United  Kingdom  "would  not  he  lost.  We 
were  however,  now  at  war  with  Japan.  Although  we  had  won  Guadalcanal, 
the  outcome  of  the  .stepping-stone  campaign  remained  uncertain.  The  B-Jh 
was  then  conceived  of  as  a  hedge  against  failure  there,.  To  shorten  the  slow' 
development-procurement -operation  cycle,  we  ordered  i00,.u-J6s  in  advance 
(if  delivery  of  the  prototypes.  Also,  at  sonic  point  in  this  process  there  -was 
trouble  with  the  ami  ihr  H-lh  then  assumed  the  roie  of  insurance  timainst 


trouble  with  ihe  B?9 


•i  l  Pairings  on  the  B-36,  Armed  Services  Committee,  Hfmsc  of  Representatives, 
The  National  nefen.se  Program — Unification  and  Strategy,  Hist  Congiess.  1st  Session, 
Washington,  D.C.,  October  1949. 
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But  the  .steppin'g-stnne  campaign  succeeded.  The  B-.’O's  began  to  Ipok  verv 
good,  and,  since  ;lhetc  was  an  aluminum  shortage,  the  B-  Ur  program  was 
stretched  out..  Alter  VH  day  it  was  clear  that  the  BAh  would  not  play  a 
role  in  World  War.  11.  The  Air  Force,  however,  recognized  llial  the  possibility 
of  Woiltl  W;ir  111  had  to  be  considered,  amt  there  was  a  serious  problem  as 
to  the  base-target  latlii  that  might  be  then  forced  on  us.  What  Imses  could 
we  obtain  for  use  in  a  next  war.  and  bow  long  would  it  take  us  to  get  them 
in  time  of. peace  or  war?  As  we  know,  now  that  we  have  secured  military 
tights  in  a  great  many  countries,  such  negotiations  are  long  drawn  out  and 
uncertain.  11k.  I'm  me i  Major  (by  then  UenereD  Vandenberg  recommended 
buying  the  BAb  to  hedge  against  the  uncertainties  of  peacetime  negotiation 
and  as  an  alternative  to- seizure  alter  the  outbreak  of  war.  1 

'Ibis  brings  us  to  the  post-war  perio-h  Up  to  this  time  the  BA.b  had  been 
conceived  entirely  in  terms  of  the  delivery  of  high  explosives,  with  all  of  the 
limitations  dig;  imposes  on  ellecliveuess  y  l  extended  distances.  Hiroshima 
changed  the  aspect  of  strategic  bombing  in  general  and  improved  in  particular 
the  prospects  of  intercontinental  delivery.  Which  up  to  then  could  have  had 
only  a  marginal  value  even  as  a  measure  of  desperation.  Now  if  appeared 
that  if  we  could  get  the  BAb  into  production,  we  might  nave  a  real  hedge 
lor  assuring  a  devastating  bombing  oi  Russia  it  this  became  necessary1!  The 
succession  of  war  scares  (beginning  with  The  Berlin  airlift)  before  we  had 
developed  an  extensive  overseas  base  system  suggested  that  it  might  i juiced 

be  necessai  v. 

Meanwhile,  early  in  this  period,  mote  troubles  had  beset  the  BAb.  iheic 
were  performance  problems,  lor  example,  in  achieving  military  missions  with 
the  range  originally  called  lui,  there.  weie  various  ,uod ificaf.ion.s  incorporating 
some  of  die  advances  In  ihe  slate  of  lire  art  not  originally  anticipated!  By 
the  end  of  lb  17  other  instruments  for  accomplishing;  very  long-range  missions 
were  being  given  favorable  consideration.  In  particular,  air-refueling  was 
recommended  bv  the  Heavy  Bombardment.  < 'ummiBeo  of  the  Ai.i  .Stall.  This 
would  permit  ah  extended  radius-  for  a  system  consisting  of  both  homheis 
and  tankers.  In  the  state  of  the  art  as  if  was  then,  even  short-radius  bombers 
and.  short-radius  tankers-  would  have  sreatv:  speeds''  and  other  desirable 
performance  characteristics';  The  need  fur- high  performance  in  the  penetration- 
seamen1  ijI  the  mission  wn-*;  rmph.^.i/eb  hv  tlu;  peri  action  ot  jel  fighters. 

About  tiiis  time  ihe  well-known  interserviee  disagreements  on  the  .subject 
oeemred.  and  there  were  also  a  good  many  diflereiiees  of  opinion  in  ihe  Ail 
l  ore;-,  i  liess;  tense  disagreements  centered  on  the  relative  importance  or 
range1,  altitude,  speed,  and  weight.  Whli'ln  the  Air  Force  there  were  advocates 
of  the  B-2‘)  as  well  as  advocates  of  The  BAb.  'flic  former  stressed  the  II  ?.'/s 
speed  super  iority.  tire  latter  emphasized  the  li-36’s  longer  legs.  The  controveisy 
among  the  services  Hared  over  the  bomber  losses  likely  to  be  imposed  by 
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The  role  of  strategic  bombing  at  this  time  was  conceived  rather  differently 
from  the  way  w.e  understand  it  today.  But  it  was  a  natural  extension  of  the 
problems  and  functions  of  strategic  borhhets  during  World  War  if,  The  main 
problems  of  strategic  bombing  in  World  War  !l  were  (!)  to  penetrate  enemy 
defenses,  reach  and  lind  the  target,  anil  (.1)  to  destroy  it.  The  rail1  of  casualties 
that  could  reasonably  lie  sustained  in  (i)  getting"  to  the  targets  and  back 
ilepeHiled  on  !  ’)  the  rate  at  which  the  targets  could" he  destroyed  '.  After  the 
war  favorable  advances  in  bomber  nnvigaiion  -  hut  even  more  the  increasing 
ileailliness  of  defense  technology  typified  b\  the  jet  inicicepior  and  surface-lo-  ■ 
air  missiles  transformed  the  first  problem  for  the  bombers.  The  net  effect 
was  lo  make  it  harder  to  get  to  the  larger  and  back.  On  the  other  hand,  fission 
weapons  greatly  increased  the  rate  of  destruction  possible,  and  thus  completely 
transformed  problem  (2).  We  had,  and  assumed  we  would  continue  to  have 
for  some  time,  only  a  very  .limited  supply  of  A-bombs.  We  assumed  the 
enemy,  had  none  and  could  wage  only  a  higH-Cxplosive  campaign,  against  the 
United  States  and  oui  bases.  The  B-.’fi  atomic  attack  against  the  enemy's 
vital  industrial  and  administrative  centers  appeared  then  not  merely  as  a 
retaliation  to  an  attack  on  our  major  allies  and  a  deterrent,  hut.  by  interrupting, 
the  slow  process  of  attrition  -which  was  all  t hi*  enemy  could  hope  ,  lor  in 
a  high  explosive  campaign  on  air.  ground,  and  sett-  it  appeared  also  as  a 
wartime  defense  of  our  own  and  allied  military  potential.  Nuclear  weapons 

•>  Src  the  excellent  History  of  ihc  Siratcvjc  Air  Offensive  Apinust  Ucrnuniv  bv 
Sir  Charles  Webster  and  Noble  J'Yankhmd  (4  vols.,  Her  Majesty’s  Sfaiioneiy  Ollicc, 
London.  I‘K>I).  Ihc  niiliuirs  gionp  the  problems  somewhat  dilhivully.  bill  make 
essentially  the  same  point  (see  yol.  I,  {‘repartition,  pp.  17  IK). 

t  he  operational  requirements  of  a  strategic  bombing  foice  are  easy  to  express 
and  difficult !>to  attain.  , hirst,  Ihc  force  must  have  the  ability  to  reach  the 
designated  targets,  which  is  a  question  of  range,  penetration  and  navigation. 
Secondly,  it  must  he  able  to  strike  effectively  at  those  targets,  which  is  a 
question  of  bombs  adequate  both  in  quality  and  in  quantity  and  ol  the  accuracy 
with  which  they  can  lie  aimed.  Thirdly,  the  force  ..must  be  able  lo  return  to 
base  without  suffering  more  than  the  bearable  casualty  rale. 

The  authors  go  on  lo  explain  lhat  the  casually  rale  I  lull's  hearable  depends  oil  ihc 
rate  of  target  destruction.  .The  casualties  that  were  thought  of  as  having  lo  he 
sustained  were  either  ihc  natural  hazards  of  ten  am  and  weylher.  el  til:,  or  man  made. 

These  latter  we i o  conceited  of  as  enemy  defenses 

The  tmin-inudc  hazards  consist  of  the  enemy  defenses— the  lighters,  anti- 
ahciyfl  guns,,  seat  chlighls  and  other  countermeasures  such  as  radio-jamming, 
bogus  radio  or  visual  navigational  or  bomb  aiming  signals,  dummy  targets 
and  jin  on.  (Vol.  1,  p.  18.) 
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technology,  as  we  shall  discuss,  was  destined  to  raise  quite  new  problems  lor 
•strategic  homhing  which  did  not  fit  neatly  into  the  framework,  of  bombing 
before  and  during  World  War  IT.  But  these  problems  were  much  more  obscure 
precisely  for  this  reason.  They  were  not  prominent  in  the  issues  agitated  at 
the  start  of  the  post-war  period. 

Throughout  the  discussion  one  thing  was  evident:  Speed  and  range  were 
both  desirable  performance  characteristics,  as  were  also  altitude,  military  load, 
arid  a  good  many  others;  hut,  in  general,  if  you  obtained  a  maximum  of  ope 
in  any  given  state,  of  the  arts,  you  sacrificed  one  01  several  of  the  other 
performance  features  of  the  plane.  Mnfortnnatply,  it  is  not  possible  to  get 
the  best  of  everything;  you  have  to  trade  .something  ol  one  for  something  of 
another.  But,  at  what  rate  should  we  trade?  How  do  speed  and  altitude  alTeel 
our  anticipated  attrition  in  the  air?  How  does  range  affect  our  dependence  on 
our  aHies',  Or,  to  take  a  question  whose  central  importance  emerged  only 
rather  slowly  in  the  course  of  the  iast  decade,  how  might  range  and  other 
operating  characteristics  of  the  aircraft  affect  location,  readiness,  and  the 
prospects  for  destruction  of  these  aircraft  on  the  ground?  If  in  the  long 
history  of  the  B-36,  which  was  part  ol  the  strategic  force  until  1930,  no  very 
clear-cut  answers  to  these  questions  were  given,  this  is  hardly  a  derogation 
of  the  disputants.  These  essays  in  systems  analysis,  I  am  afraid,  will  make 
evident,  that  there  arc  at  least  a  few  aspects  of  such  questions  that  arc  not 
exactly  settled  now.  In  fact,  it  is  not  easy  to  describe  exactly  how  you  go 
about  answering  them. 

The  Ah nul.i 


One  question  I  do  not  intend  to  raise  is  whether  the  decisionmakers  were 
always  right  or  sometimes  wrong  in  the  extendcijl  sequence  of  decisions  they 
had  do  make  in  the  press  of  this  fascinating  history.  Such  a  question  1  feel  is 
useful  only  to  i-rnipter  extreme  claims.  It  is.  ol  course,  much  easier  to' lie 
wise  at  this  stage.  (Many  of  the  decisions.  I  think,  were  correct  in  context, 
even  if  improvable .  with  hindsight:  others  were  questionable.) 

There  are,  however,  several  morals  'the  lirsi  is  that  the  military  decision- 
makei’s  lot  is  f.ol  an  easy  one.  The  history  of  the  B-.lh  development,  procure¬ 
ment,  and  operation  illustrates  vividly  the  process  of  selection  among  a  huge 
multiplicity  of  uncertain  alternatives.  Bases,  taigels,  range,  speed,  altitude, 
bombs,  enemy  defense  and  offense  all  assumed  in  prospect  and  in  actuality 
at  least  as  many  ■values  as  Mr.  Hitch  has  suggested  .ale  present  in  a  systems 
analysis.  These  were  riot  trivial  variations.  Just  think  of  the  change  in  out 
.bomb  load  front  high-explosive  bombs  to  the  Hiroshima  A-bomb  and  men 
;to  the  nuiltimegaton  H-bomb;  and  the  change  in  the  enemy’s  defenses,  from 
pi  ops  to  jets  and  surface-to-au  missiles. 


ii.  7|  coni  i  u  r  systems  .  lli 

.Second,  the  Objective  of  an  Air  l-'orce  decision  may  itself  he  lai  from 
simple.  In  the  case  ol  the  B-36.  the  Air  hore.e  had  not  one  Init  many  objectives, 
Sind  these  were  altered  radically  by  swift  changes  in  the  political,  strategic, 
dnd  technical  situation. 

The  third  point  also  concerns  objectives.  It  appears  that  differing  vehicle 
types,  like  the  B-2d  and' the  B-3b,  might  serve  partially  dillercnt  (as  well  as 
partially  identical)  objectives.  But  how  then  do  we  compute  them? 

The  fourth  point  this  history  illustrates  is  that  while  choice  among  nice 
or,  at  any  rate',  desired  things  is  dillienlt,  it  is  also  necessary.  Objectives 
conflict.  It  is  not  possible  to  niove  ahead  simultaneously  in  range,  speed, 
altitude,  and  everything  else.  How  do  we  choose  a  particular  combination 
when  we  make  up,  say,  a  general  operating  icquircmcn'l  lor  the  Strategic  Air 
Command?  And  how  do  we  design  our  systems  studies  so  as  to  answer  rather 
than  beg  stie'n  questions?  - 

The  tilth  point  the  story  illuminates  ts  the  i unction  of  hedging,  or  insurance 
objectives,  and  the  role  of  intercontinental  bombing.  The  Ijt-36  was  conceived 
as  a  hedge,  and  the  probt'eiT  hedging  against- analogous  uncertainties  is 
always  with  tis.  Such  a  problem  ,  -  •  ■•ate  plans  for  contingencies  which 

might  not  eventuate,  in  J act  may  be  unlikely.  Bin  .  .bury  stall  studies 

and  systems  analyses  have  overlooked  this  problem.  How  do  we  design  studies 
which  tackle  it?  Am!  bow  cart  we  best  design  a  force  that  includes  an 
insurance  capability? 

I  have  stressed  that  serious  systems  studies  of  military  problem!,  are  no 
more  diflicuit  than  responsible  military  decisions,  in  a  sense,  they  pie  no  less 
(liflicult  either.  I'liey  should  start  and  end  with  the  militai y  objectives  nr, 
better,  with  the  political  objectives  that  (lie  military  means  serve  and  with  the 
obstacles  to  obtaining  these  goals.  In  the  process  of  analysis,  however',  such 
objectives  uic  almost  certain  to  be  rdined  and  arc  very  likely  Ip  be  drastically 
altered.  1  would  like  to  examine  the  way  in  which  objectives  enter  into  the 
process  ol  development  and  (o  use.  once  more  some  Air  Force  examples. 

7.3.  OfIJFClJVI.S  AND  CONSTRAINTS  IN  THE  DESIGN  Ol-  SYSTEMS  STTjTJifc 

This  Air  Force  used  to  get  out — in  the  course  of  planning  development 
for  an  interceptor!  tor  example,  or  tor  a  bomber  -various  documents  called. 
Development  i’lanning  Objectives  and  ■'  i -.their,  called  (icneral  Operating 
Requirements.  These  anil  related  documents  have  since  been  replaced  by 
anoihci  set  that  [jcnwrrn  many  ol  the  same  functions  but  partition  them 
somewhat  differently.  A  hypothetical  (  iCii'j  ru  I  Operating  Requirement  for  a 
chemically  fueled  bomber  might  have  stated  as  an  objective  that  the  plane 
be  able  to  travel  4500  it  mi  and  return  without  refueling;  that  it  be  able 
to  go  Mach  7.5  for  17.00  of  these  4500  u  mi;  that  it  be  able  to  carry  l.ombs 
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nf  ;i  certain  size  aiui  weight  and  deliver  them  with  an  average  error  of  less 
ill  all,  say,  1500  ft;  and  that  the  altitude  of  penetration  and  bombing  he 
greater  than  a  certain  minimum.  Another  General  Operating  Requirement, 
say  for  a  nuclear-powered  bomber,  might  have  stared  (in  addition  to  a  certain 
combination  of  the  familiar  performance  parameters)  that  the  radiation  dose 
rihsorhed  by  the  crew  must  be  no  greater  than  .2  roentgens  per  hour.  In  a 
similar  way,  the  Air  Force  sets  certain1  goals  in  tire  field  of  base  installations. 
For  example,  in  the  past,  it  lias  asked  builders  planning  air  bases  in  the 
continental  United  States  to  concentrate  the  elements- on  a  base  and  so  reduce 
to  a  minimum  the  cost  of  utilities,  such  as  roads,  water,  and  drainage  pipes15. 

So  far  as  the  defense  contractor  is  concerned,  these  goals  are  taken  as 
constraints  within  which  lie  docs  his  work.  The  aircraft  designer  might  then 
consider, ‘in  the  light  of  his  knowledge  of  the  state  of  the  ails,  such  questions 
as  the  best  system  for  controlling  armament  on  a  platform  mo  dng  in  the 
way  required  of  the  given  aircraft,  and  the  optimal  configuration'  for  wing 
and  fuselage  in  order  to  house  the  required- military  load  at  minimum  weight 
or  cost.  If  thee  contract  concerns  bases,- the  contractor  will  consider  the  best 
configuration  of  runways,  parking  areas,  housin'g.  etc.,  given  a  certain  site, 
to  keep  costs  to  a  minimum  for  the  desired  operation.  If  we  call  the  objectives 
which-  the  Air  Force  specifies  "0,'\  and  the  means  which  the  contractor  uses 
to  obtain  these  objectives  "Mi",  we  might  describe  this  situation  as  follows: 


Mj  :•  t>,  .  (1) 

Now,  within  the  contractor's  organization,  in  perfecting  the  detailed  design 
of  M,-  it  will  lie  usual  for  Mi  itself  to  aj'rpear  in  the  form  of  a  constraint  or 
objective  Jowaid  which,  some  smaller  section  of  h is  organization  is  working, 
clearly  a  town  ouloie  objective  than  (),.  We  might  caii  it ><Oi  ,”,and  rewrite 
formula  ( I )  as 

f-h-i  >-Oi.  (?) 

Just  as  iillfi  if  .  n-  once  supposed  to  have  smaller  fleas  to  bite  'em,  and 
so' on  ml  j i il 1 1 1 i: ; n •  i.  dir,  pmes'v,  of  division  of  labor  might  he  continued  with 
prolil.  mi  tli.it  v  e  could  write  formula  (3)  as' follows: 

...  •  (>i  ,  •  (V,  ><>i-  w 

For  example,  to  achieve  one  component  objective  in  the  development  of  an 
interceptor  there  might  be  a  very  large  group  working  on  Ihc  lire  control 
system.  This  group  might  have  separate  teams  working  on  the  airborne  radar 

11  See  A.  J.  Wohlsteltcr,  I'.  S.  Hoffman,  it.  J.  Lutz,  and  FT.  S.  Kowcn,  Sclrciiun 
and  line  of  Strategic  /Ur  liases.  The  kanii  Corporation,  K-2{ifi,  April  1954,  p.  7. 
See  also  Chapter  3  of  the  present  book 
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system,  the  analogue  computer,  and  the  armament  systems,  all  of  which  are 
components  of  the  fire  control  system.  :{ 

The  team  might  take  as  an  objective  the  design  of  the  airborne  radar  with, 
among  other  things,  a  scan  angle  70°  each  side  of  dead  ahead,  and  work 
within  this  constraint.  The  point  to  recognize  is  that  just  as  we  have  extended 
our  horizon  to  the  left  of  O,,  describing  the  way  “means”  to  the  Air  Force 
objective  might  appear  jn  tire  form  of  narrower  goals,  we  might  also,  and 
on  occasion  must,  extend  it  to  the  right,  looking  to  sett  what  further  ends  are 
served  by  the  Air  Force  requirement: 

■  ■  -  O,  '  >  O,  ,  -  >  O,  >  ()H  ,  >  (>., >  ...  -  (4) 

Or,  take  . our  example  of  the  lire  iontrol  system  for  the  interceptor.  We 
might  have  a  sequence  of  increasingly' comprehensive  systems:  airborne  radar, 
fire  control  system,  interceptor,  interceptor  wing  plus  ground  radar,  a  defended 
offensive  wing  consisting  of  an  interceptor  wing  plus  a  ground  radar  plus  a 
bomber  wing,  and  so  on.  Figures  7.1  and  7.7  illustrate  theSe  systems. 

While  the  n  afro  west  systems  can  he  treated,  and,  in  fact,  most  frequently 
must  he.  treated,  in  comparative  isolation,  this  isolation  is  only  comparative, 
and  never  final.  It  is  always  possible  that  there  is  some  important  interaction 
affecting  design  on  other  levels.  For  example,  it  might  be  that  it  is  difficult 
to. design  the  radar  to  have  a  scan  angle  of  70”  either  side  of  on  course,  but 
hy  designing  the  interceptor  to  have  a  tighter  turning  radius  this  scan  angle 
could  he  nan  owed.  Or  one  might  have  to  move  further  up  the  echelon  of 
systems:  it  might  he  best  to  relax  both  ol  these  constraints  and  increase  the 
accuracy  nf  the  ground  dala-hanai,..fr'  Process  in  order  to  achieve  a  better 
solution,  thus  increasing  ihe  kill  probability  of  the  interceptor  plus  .ground 
radar  system. 

A  still  wider  analysis  of  the  problem  of  defending  a  strategic  wing  might 
indicate  solutions  in  which  interceptors  were  not  involved  at  all.  Local  defense 
missile:;,  for  example,  might  hr.  a  better  way. to  do  it.  Or  some  form  or  forms 
of  passive  defense,  such  as  dispersal  or  shelter  or  an  alert  permitting  flyaway 
on  receipt  of  warning.  Or,  to  take  an  example  to  which  we  will  recur,  a  method 
of  operating  that  minimizes  the  presence  of  aircraft  on  the  base  as  a  regular 
matter  in  peace,  as  well  as  immediately  after  the  outbreak  of  war.  This  last 
example  is  illustrated  overseas  hy  the  practice  of  limiting  the  use  of  foreign 
bases  essentially  to  refueling  anit,  iq  the'  continental  United  States,  by  the 
air  alert  tor  heavy  Immhers  or  for  ja  fraction  ol  the  heavy  bomber  force. 
Some  specific  constraints  are  necessary  at  every  point  in  such  an  analysis,  but 
none  of  them  can  he  regarded  as  final,  and  on  occasion  relaxing  tl)e  constraints 
wiii  aitet  the  problem  totally.  .  , 

'  The  history  ofythe  R-36  illustrates  that  no  set- of  specifications  for  combat 
radius,  Mach  number  and  the  like,  can  be  accepted  as  ultimate.  The  devel- 
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opnient  of  the  B-36  represented  a  choice  among  alternative  combinations  of 
speed,  altitude,  radius,  etc.,  and  inevitably  compromised  some  performance 
in  order  to  improve  others.  Whether  or  not  such  a  choice  is  a  good  one 
depends  on  a  variety  of  uncertain  variables  whose  interaction  is  bound  to 
be  understood  better  during  the  process  of  design  and  development,  anil 
whose  aspect  may' change  "over  time. 

The  requirement  that  a  base  design  concentrate  elements  in  order  to  keep 
utilities  to  a  minimum  is  sensible  so  long  as  these  bases  arc  not  seriously 
subject  to  enemy  bombing  attack.  Up  to  the  end  of  tire  1950‘s  overseas  bases 
were  designed  lor  protection  against  high-explosive  attack  only,  and  those  in 
the  continental  United  States  were  designed  with  no  protection. against  enemy 
attack  whatsoever.  F.ven  in  the  ease,  of  intercontinental  missiles,  -which  did 
not  enter  our  strategic  force  until  the  start  of  the  1960’s,  their  first  installa¬ 
tions  were  “soft”- --that  is,  offered  very  little  resistance  to  blast  and  other 
effects  of  nuclear  weapons.  Out  given  the  past  and,  in  particular,  the  prospec¬ 
tive  growth  in  enemy  capability,  it  hat!  slowly  become  clear  that  we  must  ; 
choose  a  different  combination  of  operational  convenience,  cost  of  utilities,;; 
and  resistance  to  attack7.  The  objectives  of  base  design  had  therefore  been 
re-evaluated.  “Hard”  Atlas  arid  then  Titan  and  MinutenVan  bases  became 
operational  early  in  the  1 960's. 

It  is  not  merely  that  changing  circumstances  alter  eases,  that  what  was  a 
correct  choice  at  one  time  is  outmoded  by  events;  at  tiny  instant,  of  time 
such  choice  is  a  very  complicated  act.  The  crew  dosage  limits  for  nuclear- 
powered  aircraft,  mentioned  above,  will  illustrate  this  point.  ‘The  question  of 
dosage  limits  was  central  in  that  program.  To  reduce  the  dose  rate  meant 
increasing  the  shield.  Blit,  when  we’  add  such  dead  weight  to  a  plane,  we 
have  to  increase  the  gross  weight  by  a  very  much  larger  amount.  Implicit  in 
the  limits  first  set  was  the  assumption  that  nucIcar-powcrcd  bombers  would 
be  used  frequently  for  hauling  in  iirne  of  peace,  the  way  we  use  chemically, 
fueled  bombers.  Bui,  if  the  crew  was  to  fly  frequently  for  training  purposes 
during  peacetime,  each  man  had  io  be  limited  to  a  very  "small  hourly  dose  in 
order  to  keep  lifetime  doses  within  tolerable  hounds.  Small  dose  rates  and 
large  shields  mean  large  sacrifices  in  other  tightly  connected  performance 
parameters:  for  example,  reactor  si/e  and  energy  output,  turbine  inlet  tem¬ 
peratures,  and  the  maximum  speed  attainable  for  the  dash  through  enemy 
defenses.  Frequent  nuclear  operation  in  time,  of  peace  involves  large,  costs, 
•not  only  in  aircraft  design  to  protect  the  air  clew  but  also  in  base  design  and 
an  base  opcutiion  io  pjoieei  the  ground  crews  against  radiation,  tile  peacetime 
training  requirement, 'then,  which,  had  an  obvious  utility,  also  had  a  large  cost. 

1  .aler  in  the  program  two  other  possibilities  appeared,  one  alluding  the 
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problem  of  penetrating  enemy  defenses  and  the  high  performance- 'requirements 
this  had  imposed  on  the  nuclear-powered  airplane,  and  the  other :  affecting 
the  problem  that  had  become  prominent  more  recently  of  preserving  the 
nuclear-powered  airplane  in  the  face  of"  ail  enemy  homhing  attack.  Several 
bright  ideas  were  suggested  to  solve  the  penetration  problem  with  less  stringent 
demands  on  the  nuclear  powci  plant.  1'lie  great  dillicullies  of  getting  the 
extreme  reactor  temperatures 'needed  for  a  supersonic  dash  forcer!  rethinking 
of  just  what  was  “required".  One  of  the  new  proposals  would  have  added- 
some  chemically  fueled  engines  lo  increase  speed  for  tiie  dash  through  me 
eonihal  zone.  (It  also  appeared  IhaL  a  considerable  part  of  the  training  might 
be  done  wilh  the  chemical  engines,  and,  so  gel  around  some  of  the  problems 
of  frequent  training  in  time  of  peace.)  Another  proposal  accomplished  part  ol  ■ 
the  same  purpose  by  biking  the  nuclear-powered  plane  not  so  much  as  a 
bombardment  vehicle  that  itself,  hail  lo  penetrate  defenses  but  rather  as  a 
tug  to  tow  the  manned  bomber  into  the  combat  zone.  Still  another  took  the 
nuclear  plane  as  a  platform  for  launching  long-range  air -lo-sui lace  missiles 
from  outside-,  the  combat  zone.  Such  ideas  for  penetration  could  relax  the 
rigorous  interdependent  performance  requirements.  ■ 

However,  the  second  problem  (surviving  enemy  bombing  attack)  worked 
in  the  other  direction.  Nuclear-powered  aircraft  with  their  enormously  expen¬ 
sive  and  cumbersome,  remotely  controlled  maintenance  were  veiv  poorly 
adapted  to  ground  alei  I  '!  heir  long  endurance,  on-  the  other  hand,  made  them 
jdeallv  adapted  to  an  air  alert.  Hut  this  meant  even  uioie  frequent  and  expen¬ 
sive  operation  in  time  ol  peace  than  originally  planned and  therefore  all  ol 
the  problems  of  dose  rate  and  shielding  and  all  of  the -very  large  eoiits  that 
in  (he  ease  of  nuclear-powered  planes  vary  directly  willi  hours  ol  operation. 
In  this  way  requirements  changed  and  had  to  change  many  times  partly, 
as  the  result  of  troubles  in  1 1  v  ine  lo  meet-  the  original  specifications,  that  is, 
troubles  wiih  the  means  to  the  specified  end,  and  'partly  because  the  problem 
n|  stralegic  bombing  itself  was  changing,  dial  is.  ihe  Ini  liter  ends  dial  the 
^  frequiiemcnls''  served  were  altering. 

While  the •: defense,  eonlraefoi  must  ol  necessity  accept  as  rather  firmly 
given  the  government  Malemenl  of  requirements,  just  Lo  get  on  willi  Ins  job, 
the  decisionmaker  and  die  systems  analyst  must  continually  ask  themselves 
-  whether  these '  requirements  aie  really  what  is  requited.  ‘I  roubles,  or.  eidier 
side  are  likely -to  force  a  quizzical  look  at  die  objectives  rhey  stal  l  willi:  the 
means  may  be  too  dillieull  or  ten'  cosily,  or  allcialions  in  die  substance  ol 
clarity  of  more  lemote  ub|eeioes  may  make  iiie  mih.ti  aims  dmindul. 
■‘Requirenieiits*"  are  not  deliverances  Iruui  heaven,  in.  so  drastically  shilling 
a  technological,  military,  and  political  context,  no  one  can  judge  them  reliably 
on  the  basis  of  intuition-  or  experience  alone.  Requirements,  in  spile  ol 
suggestions  tp  the  contrary  dial  might  be  gleaned  from  public  stalemenls  at 
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congressional  hearings,  come  down  to  the  procurement  officer  from  higher 
lip,  hut  no!  from  On  High.  The  scrutiny  of  rotisi r/iinls  is  niuv'-'ol  the  most 
fruitful  aspects  of  a  thoughtful  systems  study,  to  conclude  then,  goals  set 
down  in  the  course  of  policy  decision  are  never  final,  finds  are  means  to 
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further  ends  and  on  occasion  must  themselves  he  evhlunted.  One  man's  means 
is  another  man's  objective.  •  ' 

ji 
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If  we  are  to  evaluate  the  fairly  narrow  or  specific  objectives  we  have 
referred  to  'so  far  in  terms  of  broader  ones,  what  are  some  of  these  hroadet 
objectives?  Are  they  final?- 1  wrote  formula  (41  in  a  way  that  suggests'  that 
they  are  not.  I  ended  up  with  some  dots  f‘  ().  ..,  -  . 

suggesting  "and  so  on”.  The  aim  of  defending  a  strategic  wing  (ouches 
collateral  aims  such  as  the  defense  of  pur  cities,  and  is  a  means  to  the 
further  end  of  enemy  target  destruction.  Hut  what  enemy  targets?  His  war 
industry?  ('ilics?  Strategic  forces?  His  ground  and  tactical  air  forces? :  Both 
the  targets  the  enemy  might  attack  and  I  hose  that  might  he  attacked  bv  us 
arc  connected.  And  their  tics  are  muliinlc  and  fiercely  knotted. 

Some  of  The  interdependences  .me  favorable:  For  example,  an  active  area 
defense  might  jointly  defend  a  region  containing  both  air  bases  and  neigh¬ 
boring  cities.  A  radar  warning  system  which  serves  to  warn  and  vector  the 
active  defenses  in  cities  might  help  not  only  in  the  active  defense  of  a 
siiategic  base,  ! ml'  also  might  warn  bombardment  vehicles  at  that  base  in  time 
for  them  to  lie  launched,  and  so  permit  a  passive  defense  exceeding  in  impor¬ 
tance  the  active  defense.  On  the  other  hand,  some,  of  these  connections,  when 
examined  quantitatively.  are  less  favorable.  For  example,  looking  id  the 
continental  United  Stales  in  the  large  as  well  as  in  the  small,  we  see  that 
cities  and  .strategic.- bases  have  quite  different  geographical. distnbtfUons:  aside 
ftpui  local  separations,  our  urban  and  industrial  heartland  is  in  the,  northeast, 
and  most  active  defense  is  concentrated  there:  strategic  bases"  are  mostly 
elsewhere.  ()i  to  take  the  example  of  warning,  the.  requirements  for  warning 
a  strategic  force  diller  from  the  needs  foi  active  or  passive  defense'  for  cities: 
a  strategic  finer  can  lie  on  high  alert  and  respond  quickly  to  warning  ol 
approaching  aircraft.  Still  otlu-r  connections  might  he  distinctly  unfavorable. 
For  instance,  ai<  craft  evacuated  in  emergencies  might  move  Lo  airports  closer 
to  cities;  very  hard  shelters  for  aircraft  might  require  very  large  .attacks  by 
the  enemy,  and  ibis  might  appear  lo  increase  by-product  damage  to  cities. 

!t  should  be  stressed  that  just  because  there  are  many  connections,  Tme 
favorable  and  some  unfavorable,  merely  licking  them  oil  on  a  liyl  is;|bai‘ely 
■The  beginning  of  an  analysis  ujjeful  in  decision  for  any  given  set  of  measures 
many  -connected  effect's  have 'Wo,  he  evaluated  numerically,  and  with  some 
sophistication.  This  has  not  been-  well  understood.  ] 
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Take  the  by-product  effects  of  sheltering  strategic  missiles,  it  is  true  that 
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boring  cities  than  the  destruction  of  unsheltered  missiles.  This  has  led  some 
defense  analysts  to  enunciate  as  a  general  principle:  "Hardening  Attracts 
Fire".  However,  in  sheltering  our  missiles  we  do  not  donate  resources  for 
their  destruction  to  an  aggressor.  In.  an  attack  directed  at  the  destruction  of 
these  missiles  and  ait  cities  an  enemy  would  have  to  devote  much  greater 
resources  to  the  attack  on  the  missiles,  if  they  are  hard.  And  the  distance 
separating  missile  sites  from  population  centers  is  enough  to  make  such  an 
attack  much  less  damaging  to  cities,  than  d  the  hiiint  of  the  attack  had 
directly  to  be  borne  by  the.  cities.  In  short,  a  closer,  more  quantitative 
scrutiny  would  suggest  a  favorable  interaction. 

An  analogous  though  somewhat  more  sophisticated  point  could  he  made 
for  a  defense  of  strategic  missiles  bv  keeping  them  moving.  If  lihis  strategy 
does  not  directly  divert  the  cncjny’s  bombers  and  missiles,  it  may  nonetheless 
divert  enemy  resources  aimed  at  tracking  our  missiles,  at  finding  them  on 
nr  bohny  the  surface  or  in  the  air,  or  at  shooting  them  down  in  the  space 
over  the  enemy’s  own  territory.  The  intricate  knot  of  connections  between  such 
collateral  aims  requires  careful  quantitative  analysis  to  disentangle.  .• 

Relating  the  aim  and  method  of  protecting  a  strategic  force  to  further 
ends— the  purposes  for  which  it  will  he  used — is  quite  as  demanding  as 
connecting  these  ends  with  collateral  aims;  and  at  times  has  to  he  dealt  with 
in  a  systems  study.  Bombers  of  short  air  endurance,  when  placed  on  ground 
or  air  alert,  may  be  useful  for  a  first  quick  strike  against  enemy  targets  of 
high  urgency,1  yatj,  for  example,  some  military  targets  which  may  call  for  early 
destruction.  Buj  it  it  is  important  to  pose  a  continuing  threat,  after  the  out¬ 
break.  against  enemy1  targets,  as  a  means  of  discouraging  attacks  on  our  own 
cities  and  as  a  Jvay  tJ>  help  bring  the  war  to  as  favorable  ;m  >>rtd  as  possible, 
then  we  shall  not  want  to  destroy  all  the:  targets  we  can  in  a  quick  response.. 
We  would  want  to  preserve  both  enemy  targets  and  the  means  to  continue1 
threatening  them.  Merc  mobile  or  hard  systems  are  likely  to  have  the  advan¬ 
tage  of  greater  endurance  in  a  Viuiliine  environment. 

The  aim  and  method  of  protecting  a  stoifegie  force  then  depend  among 
other  things  on  the  targets  to  he  hit  by  tbe  force  protected.  Previous  examples 
suggest  that  these  targets,  as  well  as  the  schedule  lor  attacking  them,  have 
altered  many  times  and  drastically:  Russia's,  war-supporting  industries,  its 
ground  forces  when  launched  against  liuropc,  us  strategic  forcer.,  cities,  and., 
various  combinations  of  these,  and  many  others. 

But  what  do  wc  get  out  of  threatening  or  "attacking  any  of  the  various 
target  systems?  There  is  a  thicket  of  interdependences  here  too,  and,  like  it 
or  not,  under  some  conditions  we  arc  forced  to  try  lo  penetrate  it  for  a  still 
broader  look. 
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there  is  something  to  look  at.  We  have  wanted  the  ability  to  threaten  or 
to  destroy  targets  inside  an  enemy's  territory  not— -as  some  of  the  more  lurid 
advocates,  of  unilateral  disarmament  have  imagined — out  of  simple  blood¬ 
thirstiness:  hut  for  reasons  beyond  such  threats  or  acts  of  destruction.  As 
the  cold  war //got  under  way,  near,  the ; end  of.  the  1940’s,  we  started  the 
elaborate  process  of  hnilding  a  strategic  force  because  we  needed  to  restrain 
forcible  expansion  by  the  Communists.  We  were  •  concerned  then  especially 
with  the  problem  of  deterring  a  land  .war  on  the  continent  of  Kurope;  and,  if 
this  could  not  be  done,  we  wanted  to  bring  the  war  to  as  favorable  a  conclu¬ 
sion  as  possible  to  limit  the  damage  done.  In  particular,  we  wanted  to  prevent 
the  Russians  from  occupying  or  destroying  our  allies.  Hut,  of  course,  we 
wanted  to  use  means  of  fighting  the  war  which  would  not  defeat  the  purpose. 
Appropriate  means  would  not  themselves  destroy  our  allies. 

Our  aims  here  were  not  simply  altruism.  The  occupation  or  destruction  of 
Europe  would  vastly  increase  the  dangers  to  the  United  States.  And  with  the 
growth  of  Russian  nuclear  capability,  a  threat  to  the  United  States  itself 
became  increasingly  direct  and  immediate.  We  wanted  then  to  deter  direct 
attack  oil  oin  selves,  and,  if  we  did  not  succeed,  to  come  out  as  well  as  we 
could. 

In  the  postwar  period  then,  it  is  apparent  that  we  have  pursued  a  number 
of  apparently  distinct,  but  evidently  related,  broad  aims  in  developing  out 
strategic  force;  to  deiei  or  to  tight;  and  to  have  both  these  capabilities  for 
the  ease  of  cither  a  continental  or  an  intercontinental  aggression. 

Moreover,  these  aims  of  our  strategic  threat  have  had  many.. complex 
connections  with  other  broad  goals.  They  link  directly  with  the  possible  uses 
of  our  own  and  allied  ground,,  sea,  and  tactical  air  forces  in  local  or  continen¬ 
tal  wars.  (Smaller  wars  can  groty  into  more  violent  and  bigger  ones,  through 
the  familiar  mechanism  of  escalation.  The  occurrence  of  local  wars  and  the 
need  to  discourage  them  are  associated  with  the  probabilities  of  larger  ones. 
Yet  it  is  not  always  clear  whether  the  possibility  of  escalation  will  encourage 
pr  discourage  local  aggression.  The  belief  has  been  widespread,  for  example, 
that  a  near  certainty  of  niuiuai  destruction  in  a  big  war  invites  quite  high  levels 
of  local  violence  on  the  assurance  that  both  sides  will  keep  it  local.  On  the 
other  ljand.  the  great  powers  have  moved  in  a  gingerly  way  in  Lebanon, 
Southeast  Asia,  and  the  Caribbean.) 

Aside  from  the  numerous  and  uncertain  connections  among  the  aims  oi 
deterring  bi  lighting  local,  continental,  and  intercontinental  wars,  all' of  these 
objectives  rari'.ify  further,  affecting  still  wider  and  less  clearly  defined  things 
that  matter  to  us  and  to  our  friends.  We  discourage  or  combat  aggressions 
because  yielding  to  them  would  badly  affect  how  wc  and  our  friends'  would 
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live  and  govern  ourselves.  On  the  other  hand,  lire  way  we  prepare  to  defend 
ourselves  affects  these  matters  too.  These  ramification,;;  get  discussed  when 
.we  talk  of  relationships  of  military  aid  to  the  political  and  economic  devel¬ 
opment  of  less  developed  countries.  They  clearly  dominate  in  guerrilla  wars. 
But  they  also  affect  life  in  the  industrialized-  and  democratic  societies  of  our 
principal  allies.  The  ‘"Garrison  State”  and  ‘‘f  ife  Underground’'  figure  then 
in  polemics  if  not  in  analysis.  The  actual  proposals  for  national  defense,  a  fid 
civil  defense  in  particular,  that  are  seriously  entertained  today  show  a  vast 
disparity  in  scale  between  these  polemical  nightmares  and  the  proposed 
i  entities.  Tvloieovei,  the  possible  niiliiy  of  analysis  lailiei  than  uolcrriics  is 


t  entities.  Tvloieovei,  the  possible  utility  of  analysis  latliei  than  polemics  is 
suggested  by  the  fact  that  the  polemicists  have  reversed  themselves  several 
times;  for  example,  on'  the  subject  of  civil  defense.  (Not  long  ago,  they  pro¬ 
claimed  its  benefits  for  urban  planning,  solutions  to  the  traffic  problem  aiijd 
the  growth  of  grecnhclts.)  Nonetheless,  while  both  the  seyle  and  direction  l(rf 
the  effect  of  military  choice  raise  essential  questions,  there  should  he  no  doubt 
as  to  the  relevancc:iof  the  elfecls  of  fulfilling  our  broad  military  aims  on  our 
even  wider  concerns  for  the  amenities  of  life  in  a  plural  society.  ;l 

Aims  such  as  reducing  the  probability  of  attack  or  limiting  its  cfi'ccts  can 
be  more  or  less  ambitious.  (I)  We  are  likely  to  want  highly  reliable  methods 
for  keeping  the  probability  of  nuclear  war  low.  St;  long  as  that  probability 
is  significant  we  might  want  (2)  to  limit  its  clients  drastically  in  all  Cir¬ 
cumstances  of  attack  if  it  were  feasible  and  if  it  could  hr  done  at  ream;. able 
cost;  or,  if  not,  we’d  like  0)  to  soften  somewhat  the  catastrophe  in  at  least 
some  plausible  circumstances. 

In  brief,  die  things  we  want  01  Unit  might’ he  affected  by  military  choice 
arc  extremely  varied.  They  range  from  things  that  might  he  nice  to  have 
through  some  we  might  willingly  settle  for,  to  others  we  would  take  as  the 
minimum  ncccssarl'  for  the  life  of  our  society; -anti  they  include  alliance; 
goals,  as  well  as  interests  extending  beyond  our  allies  to  friendly  neutral 
(lowrfs,  In  a  limited  sense,  they  e?;tend  even  to  our  enemies  since  we  have 
limited  interests-, in  common  with  them. 


7.5.  DianviNu  ok  modii-yinu  oriwiivi-s 

How  do  such  broad  objectives  as  to  deter  attack  or  to  contain  its  effects 
figure  in  an  analysis  as  distinct  from  a  polemic  ?  Systems  ana  lysis  and  operational 
researchers,  as  well  aS  staff  officers,  in  general  feel  rather  uneasy  dealing  with 
broad  aims.  They  arc  more  comfortable  when  examining  m  i-lalioral  mg  com¬ 
paratively  low  level  means;  oi  with  techniques  for  analyzing  alternative  means 
to  a  y/ivt’n  end.  That  sort  of  thing  seems,  if  one  doesn't  look  at  it  too  closely, 
much  firmer  ground.  The  larger  goals,  we  may  prefer  to  think,  arc  not  them¬ 
selves  the  subject  of  analysis.  They  alfecl  it,  but  it  seems  —are  not  allotted 
by  it. 
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How  then  are  they  derived?  I  wo  sources  that  suggest  themselves  are  (1) 
authority,  that  is,  higher  authority,  and  (2)  intuition,  that  is,  the  intuition  ot 
the  analyst.  In  i'uet,  stall'  papers  and  systems  analyses  frequently  stare  hy 
listing  some  rather  grand  national  objectives  even  The  National  Purpose-  - 
before  they  pass  quickly  to  the  ■:  body  of  the  work  itself.  This  procedure 
permits  concentration  on  the  professional  functions  about  which  we  all  feel 
more  comfortable. 

However,  though  we  may  start  with  objectives  derived  from  authority  or 
intuition  or,  happily,  both,  regarding  either  of  these  methods  as  coufeniug 
validity  or  finality  on  ran  goals  can  prove  troublesome.  First,  the  author¬ 
itatively  i eceivcd  objectives,  nl  these  higher  .reaches,  are  likely  to  be.  not 
merely  broad,  hut  exlrenqoly  thin  and  rarefied;  trio  vague  to  have  any  clear 
operational  sense.  Second,  the  authorities,  so  far  as  they  say  anything  definite; 
and  even  where  they  don't,  arc  likely  to  conflict.  Among  others,  there  will 
be  national  dillerences  wjlhin  an  alliance  and,  within  the  nation,  interagency, 
interservice,  and  intraservice  dilld'eices  and  so  on  down  to  rather  minute 
institutional  subdivisions.  Third,  even  shared  or  common  objectives  (like 
deterring  a  general  war)  conflict  with  other  common  objectives  (like  living 
as  well  as  possible  in  the  immediate  future'.  Ur  they  overlap  with  other 
shared  objectives  in  obscure  ways  that  offer  quite  as  much  trouble  lor  the 
analysis.  A  favorable  interdependence  forces  us  into  a  welter  of  consirictiu uni* 
as  t<>  the  incremental  cost  to  do  a  certain  job  with  a  defense  weapon  that 
serves  a  tumble  purpose  by  comparison  with  a  defense  weapon  serving  only 
n  single  purpose.  And  the  ini-  :i  dependence  may  he  unlavorahlv.  We  may  nut 
want  to  kill  both  of  two  birds  with  one  stone.  .Fourth,  the  attractiveness  of 
an  objective  depends  on  its  cost,  t  he  game  may  not  he  worth  the  caudle.  In 
the  limiting  case  it  may  not  he  feasible  ;d  all. 

We  cannot  in  general  settle  the  question  as  to  whether  (hue  A  a  net 
divergence"  of  several  plausible  complex  objectives  or  whether  they  support 
each  other  without  a  hard  and  specific  quantitative  look.  To  determine  costs 
and  feasibility" and' effects  on  other  etuis  requires  close  analysis  and  cmpiucai 
investigation  and  is  more  likely  to  hear  fruit  it  our  investigation  is  not  simply 
passive,  but  goes  with  a  sca.rrh  for  new  ways  ot  making  seveial  goals  eoinpal 
ible  which  under  existing  circumstances  are  not.  Whether  aims  support  m 
detract  iroin  each  other  would  vary  with  the  means  used;  and  therefore  they 
I’reqiicmiy  can  he  made  to  converge,  that  is.  he  made  compatible  by  (he 
invention  of  new  mean  .  Just  as  a  poor  design  unneeessai  ilv  and  sometimes 
thoughtlessly  sacrifices  one  vital  objective  for  anoihei.  an  inventive  systems 
design ''frequently  can  get  a  useful  compiomise  of  both.  Ha  r  her  we  spoke 
the  need  to  break  through  constraints,  to  look  dp  sometimes  from  our  locus 
oil  lower  level  needs  to  higher  level  ends.  The  present  comment  .suggests  the 
necessity  of  looking  hack  down  again  from  ends  to  means,  to  evaluate  ends. 
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In  fuel,  w  an-  always  m  (hr  process  ol  choosing  agd  muddying  both  means 
ami  ends.  We.  appraise  (he  cud  jn  terms  of  the  means  required,  as  well  as 
the  reverse,  in  short,  vve  look  at  them  together. 

All  ol  this  may  seem  to  conflict  with  lamihar  sayings  about  "values”  being 
"ultimate"’,  unalTected  by  "facts”,  unarguable.  /V  oiistilms,  wc  all  know,  non 
<’\l  iUsjmhiniluni.  Such  aphorisms  suggest  that  intuition  will  do,  or  at  any 
rale  is  all  that  vve  have  available. 

Vet  they  are  not  totally  compelling,  hirst  there  is  a  conflict  of  authority 
even  here.  Theie  have  been  some  quite  respectable  sages  holding  the  very 
opposite?  ‘astr>  are  the  only  things  worth  arguing  about.  Whether  or  not  we 
go  aiong  with  this  counter -statement,  ir  is  quite  clear  that,  where  "tastes" 
are  inlerpieied  to  include  such  complex  prcfeiences  as  we  have  described  in 
defense  and  arms  control,  they  aie  unclear,  uncertain,  alterable,  frequently 
altered  a iu!  u-  tualiy  argued  about  all  the  time. 

Second,  these  matters  are  much  too  complicated  for  any  analogy  with 
simple  sensuous  preferences-  like  chocolate  lasting  better  than  vanilla 
though  such  an  analogy  is  suggested  by  I  he  word  “taste".  Preference  orderings 
among  alternative  combination:;  .of  such  huge  aims  as  to  deter  or  to  tight 
local,  continental,  and  inteivoniim  ntal  wars  cannot  be  safely  established  by 
the  touch  nr'  a  tongue  or  i is  vivid  uvnllcction:  nr  lay  any  other  unrelleetivc 


impression 

I  bird.  \ye  can  d<i  ■.id her  bellei  Mian  simply  to  deflate  ilillcrenees  about  goals, 
la  a  phaal  society,  objectives  do  gel  changed,  and  not  always  by  out-shouting 
nr  simple  prossnic  .'v  sv a'cins  analysis  can  extend  areas  of  agreement  by 
inci  casing  infos  mat io(i  .'.bon!  oueclaiu  vents,  exploring  what  il  takes,  to 
achieve  a  given  goal  and  ils  compatibility  with  oilier  ends,  and  by  working 
mil  systems  that  are  good  for  more  than  one  pm  pose. 

i.'ouilli,  even  where  a  systems  analysis  doesn't  set  out  primarily  to  alleel 
objectives,  it  is  likely  t'o.  .  || 

Some  of  these  points  can  he  illustrated  by  elahoratiim  a  hit  on  die  objective 
nl  lieliTiing  eiijptincntai  or  inlep  continental  attacks  and  ol  limiting  damage 
ill  ease  deterrence  fails.  I  shall  draw  •'gain  on  the  h'sioiy  of  the  intere.mitineii- 
tal  nnsMon  and  on  the  roll  of  systems  studies  during  the  IhsD's. 


I)i  ii-uiu  Ni  r:  ini?  in  i  iki  on  i  iku  nr \j  mission  auain 

i  i 

I  h'4‘  ohjeclive  ol  iletei  lOnee  has  afsttme^  increasing  importance  thririghniit 
the  plisiwar  period.  r!  he  ha'-shne:-’  of  fhn-  j};nssifil<:  outcome-  :,f  a  nuclear  was 
lr,n I-.  nalui ally  !*»  :t  shrv.  .mi  imikiii*^  siu.li  a  weir  Je.-.s  likely.  I  r,  let  i cnee  ?i I seil , 
of  course,  is  nothin!'  new,  run  is  Hie  possibility  ol  winning  hollow  victories. 
But  [hr  classic"  mode!  of  Pyrrhus  and  Pyrrhic  victmies  are  more  relevant 


than  ever  beloie.  there  may  he,  as  the  slogan  says,  no  substitute  for  victory; 
but  vie  lot  y  is  not  a 'substitute  Iuj  everything  else. 

./ 


Vi.  71 


l'ONl'1  ICT  SYSTEMS 


12.1 


The  powers  differ  in  their  willingness  to  take  risks,  and  perhaps  even  more 
in  their  nndersiandi  Ug  of  whal  the  risks  may  be.  Nonetheless,  the  wary 
behavior  of  the  great  powers — and  of  many  of  the  minor  ones — testifies  that 
they  are  conscious  of  the  risks  that  local. .contests  of  limited  and  non-nuclear 
violence  may  spread  or  hecome  nuclear. 

But  even  if  deterrence  is  more  important  now  than  ever,  it  still  may  he 
asked  whether  this  has  much  pragmatic  significance  for  military  decisions. 
Isn't  the  best  deterrent  also  the  force  ix  ole  to  execute  the  threat,  to  tight, 
and  to  come  out  favorably?  And  doesn’t  the  reverse  hold  true? 

This  is  not  the  sort  ot  question  that  can  be  unsweicd  in  the  abstract.  Nor 
do  1  think  the  answer  is  a  simple  yes  or  no.  Capabilities  designed  with  only 
one  of  these  objectives  contemplated  might  dill'er  from  capabilities  developed 
with  another  primarily  in  mind.  This  is  an  important  point  that  has  become 
increasingly  obvious  in  the  last  decade.  On  the  other  hand,  there  is  a  very 
large  overlap,  and  this  is  vital  too.  To  illustrate  the  possibilities  of  d’vergcncc, 
let  me  use  an  example,  which  is,  alas,  familiar  to  all  of  us:  the  activities  of 
the  traffic  cop. 

The  city  fathers  would  iike  to  red  up  o  the  nutpber  of  violations  of  the  law. 
They  would  also  like  to  fine  or  put  in  the  clink  as  many  violators  as  they  can. 
There  are  two  well-known  alternative  techniques  for  accomplishing  these 
entls:  oiie  is  the  familiar  ambush  technique;  the  other  is  sometimes  called  the 
visible  paltol  technique.  The  firsi  ha-teases  the. probability  of  interception  and 
arrest.  The  second  discourages  culpability.  Now  il  our  goal  is  to  maximize 
the  number  or  propoition  of  speeders  punished,  or  the  total  of  municipal 
lovemie  through  lines,  probably  the  best  way  to  do  the  job  is  by  ambush, 
however  uneasy  such  a  sneaky  tactic  makes  ns.  11  pur  goal,  on  the  oilier 
hand,  is  a  reduction  in  the  total  number  of  traffic  accidents,  say,  or  in  the 
number  ot"  attempts  to  violate  the  law  (even  if  on.  the  whole  such  attempts 
at  evasion  as  do  take  place  are  more  likely  to  be  successful,  since  the  culprit 
is  aware  ot  the  eon’s  presence),  it  may  vciy  Wull  he  that  the  most  Irequenl, 
obvious  piesence  of  policemen  capable  of  instantaneous  retaliation  against 
speeilei •-  would  encourage  caution,  and  so  achieve  such  goals  best.  (It  might 
also  avoid  some  ol  the  undesirable  side  (‘fleets  of  the  "ambush  technique,  such 
as  the  occasional,  faintly  ludicious  vision  of  a  burly  grownup  on  a  motorcycle 
living  to  look  invisible,  behind  a  palm  tree,  with  its  possibly  dissolving  eltcet 
on  our  respect  for  municipal  authority.) 

Another  simple  example  from  mv  own  experience  ooncciys  the  iulci 
continental  mission.  In  the  early  I  Mill's  when  the  crucial  problem  ol  the 
vulnerability  of  strategic  forces  was  beginning  to  he  understood,  a  great  many 
alternative  methods  of  protecting  Hie  ioicc  were  being  considered.  One  of 
a  gieat  many  methods  that  1  heard  suggested  then  for  protecting  sac  would 
have  ingeniously  reduced  the  chances  of  sac’s  actually  being  hit  by  deceiving 
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the  enemy  into  thinking  sac  was  very  vulnerable  some  place  where  in  fact  il 
was  not'.’  1  he  enemy.,  the  argument  ran.  tempted  hv  our  seeming  weakness, 
might  attack  our  strategic  .force  at  the  apparent  soft  spot,  expend  its  bombs 
fruitlessly,  and  so  gain  us  a  crucial  advantage  toward  winning  the  war.  The 
parlieular  line  q!  deception  suggested  in  this  argument  involved  costs  of 
over  a  billion  dollars,  and  it  seemed  clear  that  the  deception  might  not  work 
even  then.  Fortunately,  there  were  alternative  strategies  which  were  both 
cheaper  and  more  deceptive.  Hut  the  essential  weakness  of  the  argument  was 
that  it- ignored  the  fact  that  if  the  enemy  answered  this  invitation  to  clobber 
a  supposedly  suit  sal  with  a  joint  attack  against  our  ciiies  and  our  1  strategic 
force,’  ho  might  very  weii  miss  ;s.\<  Pul.  imloriunateiy  im  us,  hit  Washington, 

1 ).  (f..  New  York,  I. os  Angeles,  anti  the  rest  of  on r  major  cities.  He.  would 
then  open  a  war'he  might  not  have  dared  to  start  unless  he  had  been  deluded 
into  thinking  he  could  destroy  our  retaliatory  force.  Deceiving  the  enemy 
into  ihmking  sac  is  vulnerable  some  place  where  it  is  not  ignores  the  fact 
that  sac’s  deterrent  "effect  depends  on  a  reputation  for  invulnerability  every¬ 
where.  . 

This  one  clear-cut  example  of  how  il  is  possible  to  neglect  deterrence  in 
choosing  preparations  to  fight  is  an  unimportant  though,  lucid  example  of  the 
possibility  ot  divergence.  At -the  start  of  the  1  “all's  there  were  more  obscure 
biit-inore  important  cases,  programs  which  would  have  given  us  a  strike  force 
powerful  under  some  circumstances  of  outbreak,  but  dangerously  weak  under 
other  quite  likely  conditions;  and  Mieu-mre  of  questionable  reliability  as  a 
deterrent  when  tiie  jS;oing  got  rough.  However,  these  weaknesses  were  not 

i! 

clear.  Their  diselosiifb  and  their  implications,  for  the  objective. of  deterrence 
took  systematic  and  very  detailed,  analysis  of  actual  and  projected  operations. 
Anil  the  base  study,  described  in  Chapter  3,  which  undertook  such  a  laborious 
analysis,  held  its  preliminary  findings  quite  tentatively  for  many  mouths-: 

.In  fact,  at  the  start  of  the  1950’s  the  problem  of  protecting !; bombers  on 
tiie  ground  fiom  enemy  homhei  attacks  did  uui  figure  pi  omiiiciiil  v  in  mu 
aims.  Part  of  the  explanation  lor  this  is  implicit  in  my-eaUier  description 
of  strategic  bombing  and  the  growth  of  the  intercontinental  mission.  First 
of  ail.  the  majm  purpose  of  our  inli-ir-mtinental  force  was  to  deter  a  continen¬ 
tal  threat,  the  threat  of  land  invasion  in  I  u rope.  We  expeeled  to  strike  with 


a'  stiate 


unattached.  In 


short,  we  didn’t  have  the  problem  of  “striking  second’-  m  the  sense  in  which 
it  is  used  today,  namely,  striking  back  with  a  force  that  is  under  attack.  Not, 


oi  course,  because  we  cotuempialed  aggression  but  because  we  planned  to 
respond  to  an  aggression  directed  primarily  against  our  allies.  Moreover,  we 
planned  to  fight  a  long  war  in  Hurope  after  expending  our  strategic  puelear 
capability  to  destroy  as  much  as  we  could  of  the  economic  war  potential  of 
Russia,  at  that  time  the  principal  strategic  target  system.  In  time  of  peace, 
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we  expected  to  fiase  our  bombers  in  the  continental  United  States  with  a 
fraction  of  them  on  rotation  overseas.  After  the  outbreak  we  expected  to 
move,  overseas  amt  to  prepare  to  operate  back  and  forth  with  our  medium 
bombers  between  targets  and  the  overseas  bases  without  returning  to  the 
United  .States.  Even  neglecting  the  possibility  of  enemy  bombing  attack,  ihcrc 
were  enormous  difficulties  in  assembling  an  adequate  number  of  bombers, 
.tankers,  trained  crews,  storage,  logistics,  and  base  capacity.  Given  the  main 
tenanee  problems  of  the  heavy  and  medium  bombers,  the  snort  range  of  most 
of  the  force,  and  the  problem  of  bringing  together  all  of  the  disparate  elements 
(fast  bombers,  slow  tankers,  stocks  of  rather  primitive,  unready  bombs  stored 
on  a  few  separate  bases,  etc.)  needed  for  a  strike,  the  strategic  1'omhardmorlt 
war  would  have  taken  days  before  it  began.  Enemy  bombing  attack  on  our 
strategic  forces  then  would  have  been  leveled  against  an  extremely  iime- 
consuming,  complex,  cumbersome  operation. 

Second,  as  we  explained  in  sketching  the  history  of  the  H-36,  the  problem 
of  strategic  bombing  was  conceived  quite  dilTercntly  front  the  way  in  which 
it  ik  thought  of  today,  although  it  was  based  otj  a  body  of  doctrine  and 
predisposition,  evolved  between  the  wars  and  during  World  War  ll^as  to  what 
was  useful  for- a  strategic  force  on  each  side  to  attack  (mainly  ; the  industrial 
sources  of  enemy  power  and  his  will)  and  wind  were  the  principal  obstacles 
to  reaching  these  objectives  (mainly,  the  enemy's  active  defenses)',  ii  was 
natural  that  nuclear  weapons  were  lirst  absorbed  into  our  thinking  in  terms 
of  how  they  helped  achieve  the  established  objectives  against  the  established 
'obstacles.  This  focus  and  this  definition  of  the  problem' are  visible  for  example 
in  the-  interservice  controversies,  such  as  the  11-36  investigation,  where  key 
issues  concerned,  they  ability  of  ihc  11-36  to  penetrate  modern  defenses,  the 
effectiveness  of  nuclear  weapons,  and  the  morality  of  bombing  uomnilitary 
targets.  And  they  are  visible  also  in  systems"  analyses  of  Ibis  period.  Systems 
analyses  to  assist  bomber  choice  looked  at  speed,  altitude,  bomb  load,  small 
versuii  large  aircraft  in  their  performance  through  enemy  defenses  and  over 
target's,  and  the  like.  And,  as  the  bombing  systems  analyses  mulched  our 
..bombers  essentially  against  his  defenses,  our  defense  systems  analyses  with' 
minor  exceptions  matched  mu  active  defenses  against  enemy  homheis.  In 
none  of  these  was  the.  problem  of  protecting  bombers  against  enemy  attack 
in  tile  center  of  attention  as  it  is  today. 


The  vitai  difference  between  an  objective  of  getting  a  liist 
and  the  objective  of  getting  a  xeeoiul-strike  capability  did  emerge,  but  onlv 
in  the  course  of  extended  empiiical  woik.  The  base  study,  as  described  hv 
E.  S.  Q i tade  in  Chapter  3,  proceeded  by  a  method  .of  successive  appn.xinia 
lions.  It  compared  forces  for  their  efficiency  in  carrying  a  payload  between  the 


8  See  quotations  from  Webster  and  Erankiand  cited  on  j>age  1 
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bases  and  targets  without  opposition  either  hv  enemy  interceptors  or  enemy 
bombers.  Then,  it  introduced  obstacles  successively:  lirst,  enemy  defenses;  then 
enemy  bombardment  of  our  bombers  and  other  elements  needed  to  re'aliatc.  Jn 
essence,  then,  the  alternative. systems  were  tested  for  their  first-strike  capability 
and  then  they  were  compared  for  their  second-strike  capacity.  And  the  pro¬ 
grammed  system  performed  in  a  drastically  different  way,  depending  on  the. 
order  in  which  the  opposing  side  struck.  In  the  course  of  analyzing  counter 
measures  and  counter-countermeasures,  the  chemy  bombardment  turned  out 
to  be  a  dominant  problem.  This  was  true  even  for  a  very  much  improved 
overseas  operating  base  system.  The  refueling  base  system  was  very  much 
less  sensitive  To  strike  order.  It  is  only  the  fact  that  strike  order  made  such 
a  difference  among  systems  contemplated  that  gave  it  he  first-strike,  second- 
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that  few  of  the  programmed  bombers  would,  have  survived  to  encounter  the 
problem  of  penetrating  enemy  defenses  which  had  previously  been  taken  as 
the  main  obstacle.  The  analysis  then  not  only  was  affected  by. the  objectives 
considered,  it  affected  them. 

The  first-Strike,  second-strike  distinction  continues  to  have  an  interest  in 
the  on  going  design  and  redesign  of  the  strategic  forces  of  the  major  powers, 
but.  even  moie  in  evaluating  the  objectives  and  likely  accomplishments  of  the 
so-called  "nth  country”,  or  independent  nuclear  powers.  Its  application  to 
their  cases  should  remind  us  that  deterring  a  great  power  does  not  follow 
automatically  from  possession  of  nuclear  weapons;  it  is  an  empirical  question, 
a  question  of  fact.  And,  in  the  case  ot  a  smaller  nuclear  power’s  attempt 
reliably  to  deter  a  great  power,  there  arc  feasibility  issues,  which  are  always 
relevant  irt  choosing  objectives.  Smaller  powers  may  have  to  choose  between 
very  risky  low  confidence  deterrence  and  alliance. 

Finally,  the  base  study  illustrates  how  a  systems  analysis  may  affect  objec¬ 
tives  without  intending  to.  It  was  mainly  concerned  with  choosing  among 
alternative  basing  systems.  "In  fact,  while  it  analyzed  some  of  the  'interplay 
between  target  objectives,  bases  and  bomber  performance,  it  deliberately, 
attempted  to  evolve  a  basing  system  that  would  perform  well,  not  simply 
against  the  rather  arbitrary  100-point  industry  system -with  which  it  started, 
but  against  a  variety  of  other  target  objectives  (a  1000-point  complex,  m ban 
complexes,  and  various  military  target  systems);  and  it  examined  the  systems 
it  compared  for  their  sensitivity  to  changes  in  the  geography  and  time 
requirements  likely  to  be  imposed  by  alternative  goals.  Nonetheless. "m  spite 
of  this  explicit  and  quite 'successful  attempt  at  developing  a  method  of  basing 
comparatively  indifferent  to  substantial  changes  in  objectives,  a  principal 
outcbfne  of  the  base  study  for  its  authors  was  to  clarify  the  aim  of  detcricnee 
and  to  display  the  possibility  of  divu>rgcncc'  hetw<jen  a  capacity  for  destroying 
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an  enemy’s  strategic  force  undei  some  circmnslaiui's  and  Hie  aliiiitv  to  Heier 
nfftn-k 

The  base  study  illustrated  the  possibility  of  this  divergence.  It  did  not  show 
its  necessity.  In  1955  when  the  lectures  on  which  this  volume  is  based  were 
first  presented,  one  had  to  argue  for  the  importance  of  studying  deterrence 
and  for  distinguishing  it  from  the  capacity  to  fight  a  war.  Today  ii  is  hardly 
necessary  to  argue  for  deterrence.  The  tendency  has  been  to  go  to  the  opposite 
extreme:  to  consider  deterrence  only.  It  is  popular  to  assume  now  that  there 
is  almost  no  connection  between  deteironce  and  lighting,  at  parti,  ul.ii  thai 
it  is  hail  for  a  nation  to  be  able  in  tight  and  limit  damage  to  itself  in  the  event 
of  wan  since  an  enemy  might,  then  expect  an  Untuck  and  pre-empt  if. 

This  brings  us  to  the  second  objective. 


7.7  f  KimiNn  A  WAR 

The  objective  of  fighting  and  coming  oul-as  favorably  as  possible  if  delei- 
i ence  fails  sounds  innocent  enough,  vet  it  does  run  counter  to  the  currently 
popular  notion  tliat  the  ability  to  limit  damage  is  incompatible  iwilli  (be  even 
more  innocent  and  praiseworthy  objective  o!  deferring  attack  ami  avoiding 
war  altogether.  A  so  ions  analysis  of  the  overlap  and  divergence  of  those 
objectives  requires  a  great  deal  of  concrete  information  and  rigorous  seasoning. 
Possibilities  of  conllict  or  imbual  support  between  these  two  objectives  ate  a 
suitable  subject  tor  systems  analysis,  not  dogmas  io  lie  iakni  as  illiquid-  -.od 
in  such  an  analysis. 

Nonetheless,  presumptions  of  an  identity  between  ileloitcnre  and  war 
fighting,  or  oi  tin  inevitable  conllict  between  them,  htive  motivated  some 
fragmentary  analyses,  but  htive  themselves  not  been  the  iomiIIs  of  analysis 
or  tested  by  it.  Such  dogmas  have  been  intensively  held  and  then  lightly  ami 
forgetfully  reversed.  There  are,  in  any  case,  sonic  prior  questions  lord  ihe 
objective  of  limiting  damage  and  coming  out  favorably  during  a  war. 

The  first,  of  these  concerns  feasibility.  It  seems  clear  offhand  that  it  might 
he  nice  to  have  -steadily  during  a  long  period  of  peace  .a  highly  reliable 
capability  to  come'  mil  nearly  unscathed  in  a  nuclear  war  wilh  a  maim 
opponent,  no  matter  who  started  it.  Il  i,  doubtlul  that  this  is  leaxihle  lm 
either  of  the  great  powers  vis  a  vis  Ihe  oiluu  so  long  as  die  opposaw  puv.vi 
exercises  intelligent  care.  On  tin:  i liner  hand,  tor  a  yi eat  power  the  ability 
to  model  ate  the  .catastrophe  ■.milrv.  hat  in  x <<n>c  reasonably  likely  cases  rinses 
much  less  stringent  problems  of  feasibility.  Here  is  a  region  in  which  their 
an: -interesting  empirical  and  analytical  questions  requiting  close  examination 
of:  utilities',  costs,  and  the  possibilities  oi  conflict  or  mutual  support  between 
damage  limiting  and  deterrence  objectives. 

Deterrence  is  directed  against  continental  and  local  aggressions  as  well  as 
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intercontinental  ones.  And  it  is  in  connection  with  deterring  these  especially 
that  there  has  developed  a  body  of  opinion  on  the  subject  of  whether  deter¬ 
rence  and  limiting  damage  conflict  of  support  each  other,  t  he  theory  of 
massive  retaliation!  like  the  theory  that  we  should  aim  at  deterrence  only  in 
connection  with  -intercontinental  war,  tests  on  the  premise  that  the  more 
horrible  the  threat  the  belter  the  deterrent.  Moreover,  the  horrors  we  must 
avoid  limiting,  it  is  said,  tire  those  presented  the  victim  ijs  well  as  the 
aggressor.  Hut  it  may  he  doubted  that  the  effectiveness  oli;  the  deterrent 
is  ..a  function  simply  of  the.  damage  likely  to  he  dond.  Critics'  of  'massive 
retaliation  have  ii;,i  a  lung  tune  suggested  llial  ii  depends  also  on  i'nc  phuisihii- 
ilv  lhiit  the  threat  will  be  executed.  And  this  in  turn  may  depend  on  how 
things  look  tit  the  moment  of  decision:  Mow  docs  the -potential  aggressor  see 
his  own  alternatives?  And  how  does  he  expect  the  alternatives  to  look  to  the 
victim  of  his  aggression  during  the  crisis  when  the  victim  must  decide  tin 
backing  down  or -getting  ready  to  strike  hack? 

Sometimes  die  scale  of  a  threat  may  crucially  lessen  the  likelihood  of. its 
execution.  It  scents  that  in  Korea,  and  a  Hide  later  in  Indochina,  the  probability 
that  the  United  States  would  actually  exploit  its  near  monopoly  in  nuclear 
weapons  was  diminished  by  the  fact  that  the  extreme  violence  of  such  weapons 
seemed  inappropriate  both  to  key  U.S.  decisionmakers  and  to  many  of  our 
allies.  Our  traffic  example,  can  serve  to  illustrate  something  of  the  same.  It 
might  seem  that  if  the  visible  patrol  of  speeding  traffic  were  linked  to  a  most 
■lire  punishment  of  the  speeder  when  caught,  we  would  have  a  nearly  ideal 
dcieircnl  to  bailie  violations,  and  the  worse  the  punishment,  the  closer  to 
the  ideal.  On  this  theoiy,  the  best  way  to  discourage  traffic  oITcns,  s  migln  he 
to  make  them  capital  crimes,  punishable  by  death.  While  such  a  punishment 
appears  fcrociom  enough  to  discourage  anyone's  going  faster  than  a  crawl,  it 
is  not  clear  that  this  is  so.  Some  relevant  historical  experience'  even  suggests 
that  it  might  lead  to  an  increase  in  speeding  and  general  disregard  for  the 
laws  of  iiaffie.  Doubts,' arc  suggested  by  the  jamiliar  principle  I  hot  such 
punishment  would  ho  “cruel  and  unusual’’.  Picture  the  problem  presented  in 
a  society  like  our  own  by  a  group  . of  teenagers  caught  exceeding' the  speed 
limit.  U  is  doubtful  that  they  would  he  arrested;  il  they  were  arrested  it  is 
unlikely  they  \\r>  -ukl  be  convicted;  and  if  convicted  the  execution  of  sentence 
would  he  extremely  uncertain.  We  would  need  most  hard-hearted  police,  juries 
and!  judges,  and  a  society  that  would  accept  them.  Moreover,  if  the.  chain  of 
events  leading -to  punishment  broke  down  as  a  legular  insider,  and  it  became 
clear  that  in  fact  speeding’  went  unpunished,  .speeding  might  increase. 

Such  an  example  is  by  no  means  purely  hypothetical.  The  development  ot 
the  1'ngiish  common  law  provides  a  hody  of  hHtcf ictsi •  t*xpe ricjice  illustrating 
how  excessive  penalties  may  increase  the  probability  of  crime.  In  the  eighteenth 
century  when  Blackstone  wrote  his  famous  Commentaries  on  the  Lews'  of 
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l-.nglutul,  Parliament  luid  declared  no  lower  than  jbOollenses  lobe  punishable, 
by  death,.  “So  dreadful  a  list",  liiacksfone  wrote,  “instead  of  diminishing, 
increases  the  number  of  otTenders,  because  the  injured  party,  through  com¬ 
passion,  sometimes  forbears  to  prosecute;  or  juries  for  the  same  reason  acquit 
the  accused  or  mitigate,  the  nature  of  the  otfence;  or  judges  likewise 
recommend  mercy". 

Now  picture  what  might  happen  to  deterrence  if  the  horrors  visited  fell 
not  only  on  the  criminal  but  also  on  those  concerned  to  execute  the  law. 
The  likelihood  of  punishment  for  speeding,  in  our  example,  would  he  even 
smaller  if  in  all  such  eases  the  group  of  teenagers  included  the  daughters  of 
the  judge,  the  jury,  or  the  police;  that  is,  if  the  penalty  directly  affected  those 
making  judgment  rather  than  simply  their,  feeling  as  to  what  was  just  or 
appropriate. 

The  analogy  in  the  field  of  international  security  is:  apparent.  Once  the 
nuclear  monopoly  was  lost,  a  threat  of  massive  nuclear  retaliation  to  a  local 
•  and  minor  non-nuclear  incursion  was  likely  to  become  less  convincing  since 
the  threatener  might  he  badly  damaged  in  executing  the  threat.  This  applies 
to  a  great  power,  but  even  more  to  the  lesser  nuclear  powers  wiio  adopt  a 
policy  of  massive  retaliation;  they  are  likely  to  he  more  vulnerable. 

Rut  the  possibilities  ioi  overlap  or  divergence  in  objectives  for  deterring 
or  limiting  damage  in  local,  continental,  or  intercontinental  wars  need  examina¬ 
tion  in  terms  of  the  .specifics  of  the  threats  and  conflicts  envisaged. 

7.K.  Tin;  ini  my's  oiui.r  i  ions  and  ac.ri.kminis 

In  discussing  the  objectives  which  a  military  systems  analysis  might  help 
to  further  I  listed  a  hierarchy  of  desires  ranging  from  nice  to  desperate 
minima.  !  said  nothing  of  the  enemy’s  objectives  and  the  objections  he  might 
have  to  our  fulfilling  ou<  own  desires.  Rut,  of  course,  it  is  part  of  the  essence 
of  the  problems  we  arc  considering  that  they  must  always  he  looked  at 
symmetrically.  The  enemy  has  a  variety  of  goals  which  are  counterparts  of 
ours  and  sometimes  in  direct  conflict  with  them'-',  (lie  also,  fortunately,  has 
some  goals  in  coniuipn  with  us,  but  not  enough  to  make  our  problem  a 
■simple  one.)  Clear  as  .ibis  is  in  principle,  it  is  frequently  forgotten  both  by 

'j  For  such  reasons  and  related  ones  1  picfcr  to  distinguish  systems  studies  for 
conflict  problems  from  what  is  ordinarily  called  systems  nugiueeiiiig,  for  example, 
in  the  field  of  public  utilities,  by  calling  the  former  “conflict  system;:  design".  For 
a  contrast  between  these  two  types  of  study,  see  my  “Strategy  and  the  Natural 
Scientists”  in  Robert  Gilpin  and  Christophu  Wright  (cds.),  "dentists  and  National 
Policy  Making,  Columbia  university  Press,  New  York,  1963,  and  my  forthcoming 
book,  Scientists,  Seers,  and  Strategy. 
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analysis  a  yd  decisionmakers.  It  is  no!  easy  t<i  introduce  the  enemy  into  our 
calculations  n.  a  way  lhal  assigns  linn  Lhc  degree  ol  freedom,  wliicii  he  in 
reality  has,  to  frustrate  our  simple-  desire  lo  maximize  our  safely  at  fhs 
expense.  In  considering  the  enemy's  active  defense  through  which  our  ol’cn- 
sive  systems  must  penetrate,  do  we  take  into  account  the  devices  available  to 
exploit  the  pcculiai  weaknesses  ol'  cat'll  of  these  systems'?  In  most  of  1  he; 
analyses  I  have  seen,  either  jornnil  syxui'mx  analyses  or  stajj  papers,  I  think  not. 

l  or  example,  in  the  early  1950's.  s|udics  deficient  in  this  respect,  did  not, 
permit  the  enemy  to  adjust  his  deicn.se  budget  so  as  to  spend  more  money 
on  local  detense  to  combat  systems  primarily  vulnerable  to  local  and  not  area 
defense.  Tty  is  was  had.  lint  many  studies  used  to  leave  the  cnemv  n  flense 
out  of  account  altogether.  WlSiie  diiferentiai  air  alltilion  lias  been  looked  at, 
clilloi.cn t i:il  ground  ahritiou  for  a  long  lime  was  not  .allowed  to  figure  at., all. 
This  deficiency  was,  ol  coittsc,  by  no  means  trivial.  The  effects  of  ground 
attrition  in  a  strategic  bombing  analysis  frequently  dominated  the  air  attrition 
cllccts.  Some  analytic  empirical  method  of  dealing  with  ground  i alii ilion. 
however  grossly,  is,  in  geneial,  essential.  I  stress  empirical  method  because 
there  have  been  some  studies  ol  strategic  bombing  systems  in  which  the  out¬ 
come  of  the  comparison  was  determined  almost  entirely  by  costs  of  defending 
sm  bases  on  the  ground.  1  he  whole  very  considerable  margin- of  .superiority 
ol  the  preferred  system  over  the  rejected  system  was  attributable  io  these 
defense  costs.  But  unfortunately  these  costs  were  wholly  arhittary  and  not 
themselves  the  ic-.uils  or  analysis.  Whiie  this  arbitrary  assumption  was 
embedded  in  a  lairly  elaborate  model,  it  hardly  lulfillod  the  requirement  that 
I  am  describing,  namely,  taking  enemy  offense  into  analytic  and  empirical 
account,  finally,  even  now  when  a  study ‘of  giound  attrition  is  likely  to  use 
at  leas!  hypothetical  numerical  estimates,  il  is  slill  somewhat  rare.  In  find 
empirical  analysis  of  the  interaction  of  ground  attack  and  penetration,  much 
less  of,  the  interplay  between  the  entire  sequence  of  operations,  including 

CM,'in  i:i  "( I  and  I'-ratf.nl  on  l.olli  c-ldos  the  simiilr.  iiUNwbls  of  l”lll-,Sl]i'  ditcl.N 

which  abound  in  the  public  literature  mi  strategy  seldom  have  any  empirical 
content  at  all. 

Mi.  1 1  itch  mentioned  games  and  game  theory  as  device-;  Lot  taking  enemy 
icactioir.  explicitly  into  annum,  i.ike  Mr.  Hitch,  I  take  a  Iciuperalc  view  ol 
the  present  use.  ol  boili  game  iheoiy  and  operational  gaming1",  flame  theory, 
as  be  stiessed,  is  helpful  conceptually,  hut  as  lar-as  it-,  theprems  ate  concerned. 


(  J‘J  Many  popular  articles  some  friendly,  some  hoslrlg,  but  ail  miinfotitted- 
tiave  been  written  suggesting  the  central  role  of  games  and' game'  theory  in  systems 
analyses  auu  stiategy.  t  have  written  of  this  fihiainmcnotj,  in  ''Sin  and  ( lames  in 
Arrteriea”f  ail  essay  in  Marlin  ShuTiik  fed..),  Vann-  Theory  ijumi  Related  Approaches 
'.a  Social  Iieh'iyinr,  John  Wilrv  ...  Sons.  Inc.,  New  York.  1 9 f 1 4 ,  pp.  '09 -  ?. ? S . 
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it  is  still  a  lnnjji  way  front-direct  application  to  any  complex  problem  of  .policy. 

< « times  can  "bp  a  useful  component  of  a  systems  study.  I  would  like  to  stress 
licrc  that  it  is  essential  to  take  enemy  reactions  into  account,  and  that  this 
need  not  he  done  in  the  1  rantewoi  k  of  a  formal  game.  with  its  apparatus  of 
explicit  rules  covering  permissible  moves  and  determining  die  payoffs  for  each 
play.  For  example,  ranh  analysts.1  in  conducting  map  exercises  t,o  determine 
the  performance  of  alternative  defenses,  typically  try  some  defense  tactic  and 
then  attempt  to  figure  the  K'Si  means  the  enemy  has  available  for  countering 
this  tactic:  then  they  try  another  lactic,  examine  the  possible  eoyntet moves 
again.  -and  so  on.  In  this,  way  each  strike  calculated -is  actually  the  result  of  a 
rather  extensive  canvass  not  only  of  our  tactics  hut  also  of  enemy  reactions. 
Matching  best  ertemv  countermoves  to  om  own  choices  was  also  an  impoitant 
part  of  rand's  work  on  air  base  choice.  This  sort  of  matching  is  one  kind  of 
"minimus.”  analysis.  Precisely  the  same  sort  ol  matching  of  move  and  coun¬ 
termove  is  i  clevant  m  designing  and  evaluating  bilateral  arms  control  arrange¬ 
ments  which  should,  not  he  taken  as  a  matter,  of  simple  faith.  Su'th  attempts 
to*  introduce  the  enemy  by  letting  him.  in  his  best  . interest, -do  his  worst  to 
our  forces  and  then  seeing  which  of  our  forces  accomplishes  the  job 'most 
effectively  in  the  face  of  this  best  enemy  attempt,  usually  tel!  us  more  than 
a  formal  came,  in  the  lallet,  too  frequently  the  .real  questions  in  doubt  concern 
the  rules  of  the  game,  Imt  the  players  of  a  game  are  likely  to  be  concentrating' 
all  their  ingenuity  on  how  to  exploit  i'ne  i  tiles11. 

it  is  sometimes  said  that  strategists  and  systems  analysts  must  (or,  at  any 
rate,  do)  assume  that  preparations  for  wars  and  wars  themselves  me  conducted 
in  a  perfectly  rational  Wav  on  both  sides.  This  sounds  rather  foolish  and,  in 
fact,  would  he.  Heads  ol  state  and  military  commandeis,  like  other  humans, 
arc  not  always  intelligently  pm posetul.  They  aie  not  purely  rational  beings, 
and  even  if  they  were,  their  purposes  would  almost  surely  he  blurred  in  trans¬ 
mission  through  the  vast  noisy  channels  of  the  bureaucracies ''informing  them 
and  executing  their  decisions  And.  of  course,  there  is  nothing  in  the  nature  of. 
-a-  conflict  system  design  which  forces  the  analyst  to  assume  that  die  opposing 
parlies  are  perfectly  intelligent.  A  candid  appraisal  ol  our  own  history  and 
that  of  our  allies,  to  say  nothing  of  what  '.ye  know  of  enemy  institutions, and 
history,  quickly  establishes  the  likelihood  ol  irrationalities. 

Nonetheless,  the  possibilities  of  rational  behavior  have  .a  large  if  not  an 
exclusive  role  in  a  systems  analysis,  if  men  are  not  always  rational  befogs, 
they  are  the  only  beings  who  arc  soinclinics  rational. 

Inemies  frequently  do  id  uglily  hew  their  own  decisions  to  (licit  put  poses 
and  in  so  doing,  frustrate  our  own.  A*  the  tune  of  Pearl  Harbor,  lot  example, 
we  left  tlie  northern  approach  to  Hawaii  uncovered  by  ship  or  aerial  rccoii- 

it  When  they  can  so  exploit  the  rules,  of  course  the  rules  should  be  changed. 


i:.i  1-minis  and  m i muss 


naissancc  The  Japanese  had  it  open  to  them  to  make  a.  somewhat  round¬ 
about  route  precisely  .through  this  approach;  and  they  did1".  Again,  we 
assumed  that  the  range  of  the  Japanese  Zeroes  was  too  short  for  an  attack 
on  our  Philippine  bases  from  Formosa.  We  were  right.  But  we  also  assumed 
that  this  would  nets  change,  and  in  this  we  were  wunig  The.  Japanese  had 
made  the  calculation  too,  anil,  through  a  combination  of  minor  equipment 
changes  and  pilot  training,  extended  the  range  of  the  Zeroes  io  do  the  job!:i. 
A  very  large  number  of  similar  examples  could  lie  cited  in  which  one  side  in 
a  war  wishfully  assumed  its  adversaries  would  not  adapt  their  behavior  to 
exploit  its  weakness. 

[  Another  example  from  .World  Wai  11  concerns  an  incident  in  which 
assuming  rationality  on  the  part  of  the  Germans  helped  the  British  design 
a  countermeasure.  During  the  Battle  of  Britain  the  British  discovered  that 
German  bombers  were  navigating  with  a  radio  beam  system  known  as 
Knickabcin.  The  British  were  aide  to  intercept  this  beam  by  anticipating 
wheie  the  attack  would  be  made.  They  did  this  by  simply  reasoning  that  the 
Rolls  Royce  works  at  Derby,  which  were  making  substantially  all  the  engines 
for  the  Battle  of  Britain,  would  be  the  best  target  from  the  standpoint  of  the 
Germans,  and  that  they  therefore  would  attack  it.  The  Germans  did  and  were 
intercepted.  In  short,  opponents  sometimes  do  behave  in  a  i.oughly  rational 
way.  To  ignore  this  possibility  is  sometimes  disastrous;  to  acknowledge  it 
sometimes  can  be  very  fruitful. 

On  the  other  hand,  in  a  sprawling  and  complicated,  mechanism  like  a 
Depaiimciii  m  ivi inisti y  of  Defense  in  the  highly  uncertain  situation  of  military 
technology  today,  there  .are  hound  to  he  plenty  of  irrationalities.  Doctrine  and 
understanding  are  likely  to  change  slowly,  and  even  when  they  change  they 
do  not  affect  the  forces  in  being  either  immediately  or  totally,  particularly 
with  the  long  periods  of  gestation  necessary  in  research  and  <levclopii,ient  of 
complex  equipment.  The  history  of  Hie  B-36  illustrates  both  the  long  periojj 
between  the  conception  and  .  the  reality  and  the  many  hazards  that  attend 
pregnancy  and  birth.  The  forces  in  being  at  any  time  are  likely  to  he  composed 
largely  of  weapon  systems  chosen  under  quite  different  circumstances  from 
those  that  eventuated,  and,  very  likely,  on  the  basis  of  a  hazy  and  erroneous 
surmise  as  t.>  .what  was  coming.  We  may  expect  lags,  then,  but  it  is  hard 
to  tell  just  what  they  will  be.  Some  adaptations  are  likely  to'.'  he  swifter 'than 


13  Radar  stations  covering  this  approach  were  operating  only  from!  nan.  to 
7  a.rn.,  and  the  ..warning  of  approaching  Japanese  aircraft,  picked  up  a  few  minutes' 
after  7  a.m.  by  two  radar  operators  in  training,  was  misinterpreted  as  a  flight  of 
our  own  B~17’s. 

13  For  these  examples,  sec  R.  M.  Wohlstetler,  Pearl  Harbor:  1 Yarnitin  and 
Decision,  Stanford  University  Press,  Stanford,  Calif  ,  1962. 
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quickly  than  a  change  in  equipment.:’ Therefore  it  may  he  more  hazardous 
to  count  rn  the  immediate  tuture  on  the  persistence  of  irrational  behavior  in 
enemy  operations;  or  strategy  than  to  depend  on  stability  or  slow  change  ,  in 
enemy  force  composition. 

How  should  a  systems  study  deal'  with  uncertainties  as  to  the  enemy’s 
capabilities  and  intentions?  We  have  seen  that  one  way  of  avoiding  fKc 
problem,  where  the  enemy  is  considered  at  all.  is  to  limit  consideration  only 
to  some  fixed  composition  of  olfense  or  defense  which  is  not  allowed  to  shift 
in  response  to  aspects  of  our  strategy  certain  io  be  ktiowln  to  him.  This  makes 
a  comparison  of  alternative  systems  subject  to  at  least  an  unconscious  bias 
in  faVor  of  systems  that  deviate  from  the  norms  that  this  fixed  force  might 
have  been  invented  to  counter.  And  it  makes  the  problem  of  meeting  the 
enemy  too  easy.  We  assume  some  fixed  combat  ceilings  for  his  lighters  and 
then  devise  a  bombing  force  capable  of  flying  slightly  higher.  Or,  we  assume 
some  specific  limit  to  the  range  of  his  local  defenses  and  then  work  out  a 
device  for  sending  oil'  bombs  from  just  outside  this  boundary. 

What  is  the  alternative  to  this?  to  assume  no  resource  performance  con¬ 
straints.  on  Iris  part  at  ail?  This  also  would  simplify  analysis  by  making  the 
problem  insoluble.  If  our  resources  are  limited  and  his  are  not,  not  much 
calculation  is  requiied  to  obtain  the.  result.  We  hardly  benefit  by  merely 
assuming  that  we  have  an  absolute  defense  against  his  hypothetical  absolute 
oll’ense.  There  is  a  germ  of  wisdom  contained  in  such  attempts  to  release 
the  enemy  of  any  constraints  whatsoever.  It  suggests  that  in  addition  to  trying 
various  reasonably  estimated  constraints,  it  is  good  to  tind  the  enemy  capabil¬ 
ity  at  which  our  strategy  breaks  down.  This,  of- course,  will  always, oeem  at 
some  finite  point  of  enemy  capability. 

In  general,  then,  it  is  important  to  make  bracketing  estimates  of  at  least  the 
fit-nera!  resource  limitations  in  order  to. keep  the. subject  short  of  the  id.ulm 
of  science  lielion.  On  the  cither  hand,  “we  must  give  the  devil  his  due  and 
permit  the  enemy  freedom  of  allocation  within  those  resource  constraints 
applicable  tor  the  time  period  under  consideration.  This  means  that  for 
development  problems  there  are  very  few  specific  resource  constraints,] 
that  is.  inflexibilities;  which  vve  can  sately  assume  for  the  indefinite  future 
(although  there  may  be  some  wc  can  pry, pare  to  exploit). 

The  trouhlo  witli  most -air  attrition  models  that  have  been  used  to  answer 
development  questions,  is  that  they  treat  such  questions  as  if  they  concerned 
procurement  01  opci a>ii,ins.  l.’ach  of  a  few  offense  vehicles,  for  example,  will 
be  ■  represented  by  a  specific  combination  of  numbers  designating  speed, 
altitude,  payload,  accuracy,  etc.  Mach  is  matched  against  the  same  fixed  area 
and  local  defense  force  deployed  in  the  same  way.  Unl  even  if  such  a  model 
covered  only  procurement  and r operational  alternatives,  it  is  clear  that  this 
procedure  omits  significant  possibilities  open  to  the  enemy-  and  to  us.  For 
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even  when  we  are  buying  an  item  already  developed,  we  invaiiabiy  lind  it 
open  for  some  growth  and  adaptation  with  changes  in  the  state  of  the  arts 
during  its  period  of  use.  So  the  15  Hi  acquired  jets.  Such  models  omit  much 
of  the  real  lrccdom  of  choice  available  to  both  sides. 

loi  development  problems  in  particular  \vc  cannot  lake  performance 
parameters  as  fixed.  We  need  some  technique  for  picking  good  performance 
requirements  useful  goals  for  the  designer.  Itlnv  might  we  go  about  this? 

I  have  suggested  that  one  method  would  be  to  lest  cacti  system  which  fulfills 

V  ..  '  "  ;i 

a  given  set  of  performance  goals  against  an  enemy  counter  strategy  that-, 
within  only  general  resource  constraints  and  using  information  reasonably 
likely  to  be  available  to  him  -  •  b  devised  precisely  to  exploit  the  weaknesses 
of  the  system  we  arc-  testing.  It  .is  clear,  of  course,  that  the  problem  of 
choosing  optimal  or  even  good  matching  strategies  for  the  enemy  and  out  - 
selves  increases  in  difficulty  as  we  consider  strategies  more  distant  in  time. 
We  will  have  to  consider  not  just  ..a'  icw  air  bailies  involving  specific  bombers 
versus  specific  fighters,  but  very  large  families  of  battles  with  offensive 
vehicles  ol  vaii-ms  types  opposing  various  combinations  ol  local  and  area  de¬ 
fenses.  am!  a  vaiiely  of  circumstances  involving  differing  resource  allocations, 
by  both  ourselves  and  themiemy,  among  active  and  passivc'delensr  and  offense. 

One  way  to  deai  with  uncertainties  a-  to  the  enemy's  capabilities  and; 
intentions,  then,  is  to  assume  that,  within  limits  set  by  his  resources  and  the 
tune  and  infoi  i"  ii.ion  available  u,  him.  In-  w  ill  do  wh;U  is  hum  Ids  standpoint 
the  best,  and,  fieqtipnilyil  flom  yotus  the  worst.  I  do  not  think  that  this  is 
the  only  kind  of  Opposing  strategy  in  consider  Some  noiiupiiiunl  sliaiegics 
demand  analysis.  In  a  way.  dealing  with  nonuplimal  xhaicgics  is  v\cu  moie 
diliieuit  in  analysis  than  dealing  with  optimal  .ones.  It  I  he  analyst  is  lucky 
thete  may  be  only- one  optimal  strategy,  bin  ii  is  eleai  that  there  an:  alwavs 
many  bad  ones,  Which  of  these  are  worth  looking  at? 

1  here  is  at  least  one  worthy  of  careful  attention.  This  is  tin:  son  qf  strategy 
we  mav  call  an  ‘‘inert  .strategy  ",  that  is  to  say,  one  m  which  the  enemy 
continues  to  behave  as  vour  ink  lligenee  tells  you  ‘he  is-  prOsentlv  doing,  even 
iliough  circumstances,  am)  in  particular  .your  own -strategy,  have  changed. 
Bureaucracies  have  a  great  deal  of  inertia  am!  it  would  he  a  great  mistake  to 
igimic  this  tael,  Both  the  great  powers,  tor-  example,  had  e.xiivmely  inadequate 
basing  policies  in  the  IdNO’s.  !  have  ubeady  indicated  dial  I  think  it  would 
hr-  very  unwise  to  depend  exclusively  on  The  assumption  that  an  opponent  is 
going  io  be  stupid  m  .grossly  inefficient.  Pair  it  would  be  a  i-ieal  mistake  to 
iguoie  this  possibility  and  so  find  youisel!  unable  to  exploit,  c'd ol .  When  Via l 
woik  on  .such  problems  as  the  job  of  iiimtmghir'yn  ekinsarv?  :n  or  at:  wk 
whieli  Lsm  be  very  diliieuit  ii  lit:  behaves  intelligently,  you  mat’  want  to 
combine  such  moderate  success  as  you  are  able  hi  assure  m  the  lace  of  a 
well  designed  and  substantial  dpemy  effort,  with  a  capability  for  drastic  success 
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just  iii  case  lie  is  "inert"-.  Inert  strategies  are  iiupoiiunt  as  benchmarks,  hut 
they  also  are  uselul  in  developing  low-coiilkienee  measures,  cor  high  con- 
iiilenee  one  must  assume  a  Well  designed  opposing  strategy  and  try  minimax. 

The  above  example  displays  the  enemy  in  his  familiar  role-  of  being  -precisely 
in  conflict  with  us.  Hie  next  subject  concerns  some  items  in  which  his  interest 
coincides  with  ours;  that  is,  an  interest  in  not  starting  something  in  which 
ho*h  sides  may  sustain  as  many  as  fitly  million  or  nunc*  casualties.  It  is  only 
because  the  enemy  has  such  points  ol  agreement  with  us  that  deterrence  can 
work.  This  brings  us. once  again  to  the  subject  ol  dotchcnl  measures. 

7.‘1,  Ini-.  Mom.sr  v,\t  tat  or  mi,.i  i.Ai.r  a  insmisi  m  iuhy  siuaii.uiis 

Measures  that  give  us  a  high  confidence  of  dcslioving  the  enemy's  cities 
or  military  potential  are  a  poweriui  deterrent,  To  have  vu<_h  mo  «\su r c f.  i  ii! I \  1‘js 
(Jiu  foiulcst  desires,  nrccisolv  beeniise  they  decrease  the  likelihood  of  war  and 

*.'■.*  \i 

at  the  same  time  provide  poweriui  assiuance  just  in  ease  war  does  break  out. 
Wlule  it  is  possible  to  obtain  some  such  high- confidence  measures  in  ei ideally 
important  areas,  this  is  not  always  the  ease.  And  there  I  ore  it  is  useful  to 
consider  some  measures  that  fall  short  ol  providing  us  with  such  high 
.ponlidenee  wartime  capabilities. 

You  will  recall  that,  we  listed  e.ailier  seveiai  iiigli-eonfnleuee  objectives  in 
■  lexer il ■ : 1 1  v*  i  hierarchy  o!  possible  goals.  flic  second  goal  nieiilioiied  there 
was  the  aim  to  have  a  ■high  device  of  ■  onlidrmv  llial  substantially  ail  of 
our  cities  could  simivc  an  enemy  smpiise  aliaek  uudei  all  ciicumstanees 
I  el  us  say  we  mean'  by  high  degree  ol  emiltdem  v  at  least  0<J  chances  out  ot 
100.  Another  high-eonlldenee  objective,  which  is  mote  reali/abie,  is  the  goal 
of  ■  maintaining  a  s.\i  ol  which  a  iarge  and  poweriui  portion  sviM  remain 
undostroyed  by  an  enemy  mii  prise  attack.  *■ 

'Hie  enemy  also  has  some  fond  desires  which  tire  symmetrical  to  tliesc. 
He  might  hesitate  to  go  into  a  uai  if  lie  could  not  he  i.nily  sine  of  d  -tlro;,  mg 
enough  nf  our  nrhaii  til'cas  to  reduce  out  military  potential,- scripusl.v.  !  veu 
mule  obviously',  he  would  hesitate  bclme  uuds  t  t;d;  mg  a  surprise  attack  lied 
!,  f;  our  strategic  striking  force  in  a  position  |o  return  a  devastating  ’blow,  i  «.  i 
if;  snv,  then,  that  we  would  like  to  picseivc  oiti  -.tr 'ikir.g  liirn'  with  ver\  hiS.h 
confidence  fa!  least  ‘Ml  i-hancr-;  out  ol  Still).  He  Would  like  io  have  a  luiUi 
eniilidenee  fat  Ic.cu  ‘)f)  fliaiu-es  out  of  It.Mt)  ol  destroying  all  ol  imr  s\e  not 
eei  tail!  io  be  li.-.odl*  d  1-V  his  defense...  Now.  SI  t pp-v-:o  tvr  have  sill'll  a  bigii- 
l  oiilideuee  measinr  io;  a  cei  lain  traction  of  .  and  then  think  up  another 
measure  which  gives  us  a  'll)  SO  chance  ol  puserving  a  considerahle  additional 
fraction.  It  is'  clear  that  this  additional  measure  does  not  luiliil  om  loudest 
desires.  On  the  olhei  hand,  it  should  be  observed  that  it  does  prevent  the 
cneiiiv  from  having  a  better  than  St)  So  chance  of  reali/.uig  ins  fondest 
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desires.  It  makes  a  surprise  attack  a  gamble  and  therefore. acts  as  a  deleft  ent. 
(If  at  Pearl  Harbor  we  had  operated  our  inadequate  air  reconnaissance  force 
so  as  to  leave  not  one  fixed  approach  uncovered  but  intermittent  random 
unpredictable  holes  in.  all  approaches,  both  we  and  the  Japanese  would  have 
had  to  gamble.)  Particularly  where  we  don’t  have  high-confidence  measures, 
the  value  of  such  low-confidence  measures  is  clear. 

How  basic  is  the  distinction  betw’ecn  high-  and  low-confidence  measures? 
Do  two  or  three  low-confidence  measures  add  up  to  a  high-confidence  meas¬ 
ure?  Not  necessarily.  What  we  arc  trying  to  do  with  low-confidence  measures 
is  to  decrease  the  enemy’s  confidence  rather  than  raise  ours.  Oncol  the 
ways  we  might  decrease  his  confidence  with  respect  to  the  success  of  some 
particular  attack,  strategy  might  he  to  increase  the  variability  of  his  icsult, 
even  if  we  do  not  affect  lli'e  average  outcome.  This  would  increase  the  risks 
for  him.  and  might  help  the  deterrent  function.  Bn?  it  also  means  that  since 
we  have  increased  the  variability,  wo  have  also  reduced  our  own  confidence. 

Therefore  our  fondest  desires  are  not  satisfied.  That  is  one  reason  why 
we  continue  to  seek  high-confidence  measures  for  crucial  goals  where  we  do 
not  already  have  them.  They  cannot  be  replaced  by  low-confidence  measures. 
However,  it  is  important  to  study  systematically  this  less  ambitious  class  of 
measures,  especially  where  we  arc  not  able  to  find  means  of  satisfying  bur 
more  ambitious  goals. 


7.10.  Uncertainty  and  tuhTraminu  oi  work  a  hi  h  onii-cnvi's 


I ,ow-con!idence  measures  oiler  an  example  ot  how  wo  might  exploit  uncer¬ 
tainty.  J  have  said  enough  to  indicate  that  whether  it  is  useful  or  merely 
annoying,  uncertainty  is  a  central  problem  in  the  design  of  systems  studies. 
(Most  contributors  to  the  volume  are  forced  to  engage  this  dragon.) 

'  We  are  uncertain,  then,  even  about  what  we*  want  in  do'  (and  clearly 
unsure  about  what  we  can  do),  about  what  the  enemy  can  and  will  do„(and 
about  the  physical  and  political  environment  of  both  our  actions.  How  do  we 
deal  with  any  of  these  uncertainties  in  designing  a  systems  study?.  1  have  said 
a  little  about  the  treatment  of  enemy  intentions -and  capabilities. ill  low  about 
the  first  of  these  uncertainties,  the  uncertainty  as  to  oni  objectives?  This  should 
he  somewhat  easier  to  handle  than  (lie  other  dragons. 

There  are  several  ways'  nV.di-al  with,  the  pioblcm  of  framing  an  objective 
for  our  analysis  that  is  hoffi  workable  and  of  some  policy  interest.  Some 
appealing  methods  merely  avivd  the  problem  For  example,  we  might  make 
the  objective  narrow  enough  toMneasunrithus  making  it  workable  hut  also 
toil)  narrow  for  validity  or  interest.  Some1  of  the  issues  raised  in  the  course 
of  the  B-36  history,  illustrate  this.  We  are  clearly  being  too  narrow  if  we  select 
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.0110  performance  characteristic  ami  simply  maximize  ii,  or  .naxiimVe  it  subject 
to  a  few  constraints;  for  example,  if  we  attempt  merely  to  pick  the  fastest 
plane,  or  that  having  the  lopgest  radius.  In  the  ll)50\,  the  plane  having  the 
longest  radius  possible  within  thy  state  of  the  art  of  powerplantjjfand  airframe 
design,  neglecting  any  considerations  of  payload,  speed,  etc,,  might  have 

travelled  some  7500  n  mi.  and  reUirnc-d.  Such  a  plane  would  hardly  do  a 

militarily  useful  job,  however.  We  might  therefore  specify  certain  niinimuiif 
performance  in  speed,  altitude,  and  payload,  etc.,  anil  then  call  for  the 

maximum  radius  plane  subject  to  these  conditions.  Alternatively  we  might 

maximize  speed,  subject  to  certain  minimum  tequiiinieni.s  jii.tccd  on  radios 
and  the  other  performance  parameters,  both  these  courses  are  simple  but  leave 
us  no  method  of  choosing  between  them,  nor  do  they  suggest  precisely  what 
minimum  constraints  to  place  on  the  performance  paiamcters  wc  are  not 
maximizing.  For  this  reason,  the  selection  of  general  operating  teqimcmenls 
for  sac  bombers  cannot  be  solved  so  simply.  Such  a  procedure  merely  evades 
the  pioblem. 

A  second  way  of  evading  the  problem  nrght  be  to  take  th<‘  opposite  course, 
formulate  the  objective  with  perfect  breadth  but  fatal  hollowness.  We  do  ibis, 
for  example,  when  we  merely  formulate  ciiieria  that,  appear  to  test  for  a 
variety  of  contingencies  but,,  in  fact,  do  not  because  ol  tint’  presence  of  n 
variable  which  cannot  be  determined  in  ihc  degiee  of  specificity  needed  fm 
decision.  Tt  is  easy  to  write  out  criteria  for  choosing  the  best  system  considering 
the  maximum  expected  nci  torn  lance  under  a  variety  ol  contingencies,  each 
ot  which  is  supposed  to  have  a  specific  probability  associated  with  it  I  he 
contingencies  ill  one  ease  might  bl-  ojillncak  of  wai  next  \cai.  ami  (lie  y.ii 
following,  and  the  ye.u  fdlh  wing  dial,  and  so  on.  In  another  case  they  might 
be  defection  ol  F upland,  ucleci  ion  of  I  i.bva.  defection  .■>{'  ;  ra.la  detection 
of  one  of  the  original*  4.X  siates,  and  a  series  of  similar  calasliophcs.  Hut  il 
our  choice  depends  on  our  being'  able  to  assign  (-.uti  l  numln  rs  in  (lie.  proha 
niliiies  oi  each  oi  i'nesc  eoiiliiigciK  a  •>.  m  ,d i  a  forum! a! toe.  doe1,  not 


us  very  far,  since  nobody  knows  how  to  do  this.  (  The  case.  1  shall  argue,  lakes 
on  a  different  aspect  ii  we' can  limi  oi  construct  -c, stems  among  which  i I o - 
choice  depends  only  on  very  gross  inequalities  in  some  such  pi  ohuliililies  ) 
In  goipg  about  the  job  ol  naming  workable  and  useiul  oh;-  'dives,  ;t 
not  inconsistent  wiili  our  cautions  about  narrow  ciiieria  to  use  uaiiow  euiena 
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as  an  interlined  ink:  step.  In  tact,  in  a  systems  sludv  this  is  one  jj  >i  the  mosi 
useful  ways  to  li.iiiie  Workable  and  ti.eiul  objectives,  "bleai  1  i'll  potential 
is  somelimes  used  in  this  wav  in  hand  analyses  of  air  delense.  Intel  mediate 
criteria  enable  us  to  compare  large  subsets  of  alternative  weapons  and  to  sill 
out  grossly  inefficient  ones  The  comparisons  must  be  made  carefully  and 
only  between  devices  essentially  similar  in  the  way  they  enter  broader 
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comparisons  among  defense  weapons  with  ranges  of,  snv,  ].S  to  3S  mi,  and 
it  may  malm  direct  comparisons  among,  weapons  of  200  to  300  mi  radii, 
lint  it  must  not  use  the  .kill  potential  concept  to  compare  the  30-mi  radius 
weapon  with  the  300-ini  radius  weapon. -Similarly,  the  hand  study  id'  air 
base  choice  used  as  one-  ot  several,  infei mediate  .criteria  '■maximum  number 
ot  eiu'inv  targets  killed  in  the  lace  of  enemy  defense  (but  neglecting  enemy 
attack)'’  and  as  another,  "maximum  number  of  bombers  surviving  endin' 
attack  on  the  ground",  in  some  eases,  systems  could  be  compared  usefully 
here,  even  though  they  were  expected  to  enter  broader  optimizations  .with 
contrasting  success,  because  the  difference  between  the  systems  was  likely  to 
be  nii i>linsi..eil  by  taking  a  broader  criterion  and  including  certain  additional 
variables.  For  some  ol  the  comparisons,  in  other  words,  the  intermediate 
criteria  provided  an  a  fortiori  argument  that  is,  a  system  best  in  one  set  of 
circumstances  loaded  against  it  could,  with  greater  certainly,  be  presumed 
best  in  some  other  set  of  more  favorable  circumstances.  Snell  intermediate 
criteria  fall  short  ol  complete  tmstwoi tbiness.  For  example,  let  us  take  the 
criterion  ol  maximum  number  of  Igoiubcis  siuvivirig  an  ciicmv  attack  on  the 
ground,  I  his  criterion  neglect:;  the  offensive  function  of  s\< '  (just  as  the  other 
intermediate  criterion  eiied  'neglected  defense).  I'hcrclore.  it  is  not  haul  to 
construct  a  system  on  this  <. lilerion  that  would  look  very  good  huL  that  would 
fail  in  perlorming  the  essential  strategie  function.  We  ntiglit  envisage  a 
svs'lem  that  kept  the  pail*!  u!  \< i,  bomber-  unassembled  and  buried  each  under 
concrete  some  plate  in  the  Auiaieue  f.n  hevond  tin,-  reach  o!  Soviet  numbing 
attack  < ) ; s i  bombers  v.otiid  in  tin.,  .  a-.i  in  i|iiiie  safe,  iiui  so  would  the  cneiily. 

I  his  is  an  exlreme  example,  but  it  Is  only  an  extreme  form  ol  systems 
suggested  IrcLpicntly.  So'-  less  exhume  lorms  of  long  range .  opciat ion  would 
have  sacrificed  more  boiuners  to  purchase  tankers  than  the  number  ol  bombers 
iliai  could  have  fieei.  savei!  from  being  killed  dn  base  by  these  remote  opera¬ 
tions.  There  are  analogous  dillieitllies  with  some  extreme  forms  of  dispersal 

and  shrltei ,  We  nnisL  then,  ns**  a  bl'uadci  raiienoii  tli.il  takes  min  account 

(lie  -iael  llial  in  defending  sa<  we  are  defending  an  ollei'isive  force,  and  there- 
hue  the  ineasille  ol  stteei'ss  ‘d!  any  dclensc  must  lelleel  Ills  pel  loi  main  e  <-l 
the  nileiisive  job.  < )  n -anil  hiuadci  dilution  is  ..least  cost  pi  dl’slrov  any 
given  eiieinv  target  system  (or  maximum  enemy  la i gets  killed  for  a  ilxerl 
budget)  hi  l ! i c  lace  ol  enemy  attack-.  weii  as  enemy  deieitxe  irur  Antarctic 
■'ii  would  not;ineasUie  up  tc>  ‘  licit  a  vTiiv.  rioil.  And  neither  would  xevvi  a! .  less 
extreme  jare.ia.'i ..p -,. 

'  | 

Ibis  spreading  hierarchy  ol  ivmkmg  eiiteiia  can  he  related  to  out  example 
used  eailiei  You  will  iceall  that  I  igs.  /.I  and  7..'  fepi esented  the  eor 
ies|Hiiiding  v  uiieini;  t il  formally  labelled  Init  unspecified  contractor  and  Air, 
I  one  objectives  and  an  unlimited  sentience  ol  increasingly  coaipiehensive 


systems.  Similarly,  a  hierarchy'  of  criteria.  each  useful  at  the  level  of  the 
correspond  ill"  phases  of  the  work,  might  he: 

I.  minimum  cost  for  airborne  railin'  with  a  given  performance'. 

maximum  kill  probability  per  (kiss  for  given  inlerceplor  investment, 

-V  maximum  area  kill  potential, 

4.  maximum  number  of  our  bombers  surviving  an  encmv  altaek,  1 

5.  maxifuiim  enemy  targets  killeil  considering  enemy  attack  and  defense. 

Wc  need  not  stop  here.  As  1  have  shewed.  il  we  are  to  lake  into  aeeonnt 
the  problems  that  motivate  the  Air  Force  desiie  for  lung-range  operation,  we 
mtisl  broaden  our'  criteria  still  further.  We  .should  consider  the  performance 
of  various  systems  in  a  variety  of  contingencies.  We  must  consider  not  only 
the  expected  ease,  but  also  the  eventualities  against  which  the  Air  I'mve  must 
ensure  itself,  even  though  like  I  ho  events  against  which  the  B-Ui  hedged 
.they  rnav  not  occur.  1  wiB‘  have  more -to  saykihout  contingency  planning  in 
the  final  sn-iion  of  "tins  paper 

Besides  the  uncertainties  as  to  our  objectives  and  criteria  for  evaluation, 
the  design  ol  our  studies  must  take  into  aeeonnt  a  number  of  oilier  uncer- 
lamtses.  Some  of  these,  such  as  the  wealhci.  are  not  likely  to  be  resolved 
(neither  small-scale  nor  large-scale  weather  is  likely  in  the  near  Inline  lo  he 
controlled  in  a  way  llial  would  discriminate  helwccii  allies  and  enemies) 

there  are  some  uncci  lainl  i.  -,  which  miglil  lie  resolved  by  lesls  wiiliiu  our 
eonliol  I  'm  example,  the  bchav  ioi  and  loading  of  structures  under  very 
extreme  ovei pressures- was  nol  well  understood'  a  '  lr\^'  years  ago.  I  he  res' llt.s 
ol  systems  analysis  suggested  Ihal  highly  resistant  si rueiures  might  have  a 
number  of  important  militai\  uses.  I  he  policy  implivalion  of  that  analysis 
was  to  undertake  design  and  tot, its  to  learn  more  ahoul  the  feasibility  and 
eoxls  of  resisting  exhume  overpressures.  In  this  ease,  the  analysis  resulted, 
in  a  program  for  clearing  up  an  important  ihan  .<1  uneeriainly. 

Although  some  uncertainties  can  be  resolved,  others  cannot,  and,  the 
pmblem  ol  imumninly  remains  ceiihal  in  any  minus  study. 

/.II.  SvsilMr,  rnSK.M  Vlle.is  S'l-.ll'.i'.  NSUY'.ls 

Do  ilu:  multiple,  imceitfuiiiies  wi  have  out i hum  make  analysis  snipossihlt 
or.  at  anv  rate,  truilless?  Aie  u.c  optimists  if- We  hope  to  lind  the  one  alter¬ 
native  which  is  the  optimum  of  all  ilu  millions'.’  It  would  appear  that 
dominance  is  a  miracle.' 

l  et  me  recall  that  these  uncei lainties  are  not  merely  a  problem  lor  the 
analyst,  but  ope  of  fact,  the  tactual  indeterminacy  of  the  political  and  pliVsical 
environment,  the  vaiietv  and  instability  of  our  objectives,  and  the  multiplicity 
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and  uncertainty  of  the  obstacles  the  enemy  can  interpose  suggest  that  we  must 
design  systems  that  are  good  or  viable  in  a  variety  of  circumstances.  That  is 
to  say,  the  problem  is  one’ of  devising  flexible,  strong  systems,  not  merely 
one  of  taking  systems  that  have  so  far  been  suggested  and, comparing  them. 
Inventiveness  in  systems  design,  has  a  double  function.  Ihc  primary  function 
is  that  of  helping  solve  the  decisionmaker  s  problem  inf  being  ready  for  many 
contingencies.  The  second  function,  ,,dear  to' the  heart  of  the  analyst,'  is  that 
of  simplifying  the  analysis.  ,, 

1  el  me  offer  one  example  of  how  this  happens  in  the  daily  business  of  the 
analyst.  In  the  course  of  a  hroad  study  of  bomber  systems  one  has  to  worry 
about  the  vulnerability  of  their  various  components  to  enemy  bombing  attack, 
(iround  facilities,  including  the  runways,  are  one  such  component.  It  happens 
•  that  runways  can  he  made  one  . of  the  least  vulnerable  elements.  C Jetting  a 
model  for  the  vulnerability-  of  a  runway  is  eonsiderablv  complicated  if  we 
have  to  worry  not  only  about  such  questions'  as  the  maximum  continuous 
length  of  runway  surviving,  but  also  about  whether  there  is  a  continuous  clear 
path  along  enough  taxi  ways  to  provide  access  to  this  surviving  length  of  run- 
wav.  in  a  so-called  Monie  Carlo-  random  bomb  drop  to  be  programmed  for 
the  machine,  the  number  of  such  possible  paths  of  access  we  might  have  !o 
ask  the  machine  to  examine  -s  very  large  and  might  make  i he  computation 
prohibitively  expensive,  il  we  were  trying  thousands  of  repetitions  ol  bomb 
diops  as  one  small  component  of  a  milch  larger  investigation. 

One  way  (o  go  about  this  is  to  multiply  the  number  of  access  laxiwavs  so 
ns  to  make  it  very  unlikely  that  (here  will  be  any  length  of  runway  long  enough 
to  he  usable  without  access.  Multiplying  access  taxiways  is  quite  inexpensive, 
not  only  hv  comparison  with  total  systems  costs  init  also  by  comparison  with 
base  installation  ci-isls.  if  we  do  this  we  might  have  a  stronger  taxivvav -runway 
system.  We  can  have  a  higher  confidence  in  its  survival.  At  the  same  time, 
the  small  excursion  necessary  to  approximate  the  inquired  number  of  access 
taxiways  makes  if  unnecessary  to  complicate  the  analysis  by  considering  the 
I.  problem  of  access.  (An  even  more  powerful  short  excursion  might  lie  the  use 
of  rocket  assists  for  short  and  even  zero  length  takeoff.  Ibis  might  dispose 
of  the  runway  analysis  problem  completely) 


Analysis  is  easier  for  strong  systems,  ll  is  also  easy  for  very  had  ones.  The 
really  had  ones  do  not  hold  us  veiy  long  because,  for  example,  we  need  nut 


r donee  of  a  destroyed  plane  am 
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system,  -if  ihc  facility  has  many  critical  vulnerable  elements,  the  capability 
lindcstrisyed  by  bombing  will  he  very,  very  low,  and  shown  so  by  a  simple 
measure  of  the  percentage  killed  of  one  critical,  badly  damaged  element,  A 
subth-  analysis  could  measure  more  closely  the  extent  to  which  even  the  small 
surviving  elements  are  rendered  useless  by  the  destruction  of  complementary 
items.  Why  bother?  We  have  already  seen  that  the  system  is  very  had. 
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Similaily,  if  we  so  design  a  system  of  elements  that  the  chances,  are  very 
small  that  any  critical  element  will  be  destroyed  loi  reasonable  ranges  of 
bombing  attack,  the  interdependence  questions  are  quite  ijrelaxed.  In  some 
cases  a  quite  inexpensive  a  nojint  „uf  overdesign  furnishes  an  a  fortiori 
argument. 

Hund|reds  of  such  problems  occur  in  the  course  of  a  systems  analysis.  It  is 
always  important  not  to  take  the  systems  as  they  came,  but  to  modify  them 
in  the  light  of  inefficiencies  revealed  in  the  course  of  analysis.  The  aspect 
that  L  am  stressing  here  is  that  strong  systems  permit  a  fortiori  arguments. 

Are  there  any  principles  for  designing  strong  systems'/  1  here  arc  no 
prescriptions  for  ingenuity,  and  the  design  of  military  systems  must  proceed 
on  the  basis  of  the  empirical  characteristics  of  the  military  problems.  Some 
of  these  are  pervasive  enough  to  suggest  certain  guidelines.  1  will  mention  two. 
One  is  to  exploit  the  great  difference  between  the.  war  and  peacetime  require¬ 
ments  imposed  on  the  system.  We  might  call  this  “The  Thermonuclcar-War- 
Is-Not-Pcace  Principle  '.  Another  is  to  exploit,  in  devising  strategic  systems, 
the  very  diiicrcnt  requirements  for  the  approach- and  penetration  segments  of 
the  mission,  This  is  the  “It’s-Hotlcr-in-the-Combat-Zonc  Principle”.  Let  me 
offer,  an  example  of  a  system  that  ingeniously  exploits  this  second  difference. 

With  a  fixed  state  of  the  arts  and  ail  airplane  ol  given  size,  higher  speed 
can  he  obtained  only  at  the  cost  of  shorter  range.  Supersonic  speed  is  very 
useful  iu  reducing  attrition  while  within  the  range  of  enemy  lighters,  hill  not., 
so  important  for  the  ior.g  ieg  of  the  mission  between  our  bomber  bases  and 
die  edge  of  the  enemy  defended  area.  The  Is  A 8  design  represents  an  ingenious 
compromise  between  our  desire  for  great  over-all  range  and  high  speed  by 
including  a  “supersonic  dash"  capability,  through  the  addition  of  afterburners 
on  the  engines,  for  use  only  when  penetrating  enemy  defenses,  in  this  way  it 
is  possible  to  attain  virtually  all  the  benefits  of  supersonic  speed  and  subsonic 
range. 

there  are  a  number  of  examples  of  weapons  systems  that  exploit  the 
difference  between  peace  and  atomic  war  to  advantage.  Consider  the  ease  of 
shelters  fur  missiles  or  aircraft  against  atomic  attack.  Over  an  indefinitely 
extended  period  of  peace,  shelters  will  Ire  subject  to  the  same  forces  as  normal 
civilian  structures  in  the  same  locality.  In  a  short  atomic  campaign,  huwevci, 
they  will  receive  vny  much  more  severe  loads  hut  only  once  or  twice. 
Intelligent  design  piacticc  takes  advantage  of  this  difference.  Wartime  design 
loads  me  allowed  to  exceed  the  Mastic  limits  of  materials  iu  the  structure 
and  Caiisc;  distortions  which  could  lie  unacceptable  in  civilian  use,  or,  in 
military  use  if  they  were  to  occur,  very  frequently.  They  do  no  barm,  however, 
to  the  wartiime  function  of  these  shelters.  Other  examples  could  be  cited  of 
'"'systems  that  exploit  the  great  .difference  between  peacetime-  and  atomic  war¬ 
time  requirements.  Kariicr  I  suggested,  in  connection  with  ruiclear-powercd 
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;i ire f;ii t,  flint  Ills1  shielding  problem  I  bofli  the  air  anti  ground  ciews  might 
he  all  net:  i 'il  in  a  way  that  could  exploit  this  diflerencc.  1  he  ground  refueling 
method  ol  operatinp  bombers  is  another  example  of  a  s\slem  which  exploits 
this  dilTercncc  mu^h  more  completely  than  do  'air  teluelihg  systems,  Air- 
relueiing  systems  haul  not  (petroleum,  oil,  lubricants').  the  cheapest  and 
bulkiest  element  in' the  weapon,  system,  over  long  distances  bv  air  in  time 
of  war.  The  ground-refueling  systems  haul  it  the  long  distances  overseas  by 
slow  freighter  in  tinad  of  peace  and.  for  the  most  part  only  in  time  of  war  or 
on  maneuvers,  pick  it  up  in  aircraft.  Some  of  the  contrasting  forms  of  dispersal 
make  a  good  deal  of  this  difference  hv  avoiding  the  high  logistic  and  opeia  - 
tional  costs  of  operating  separately  in  lime  of  peace,  limiting  the  time  of 
dispersal  essentially  to  the  wartime  emergency.  Some  systems  using  assisted 
takeoffs  as  an  emergency  device  also  exploit  this  difference. 

How  about  tlie  possibility  of  devising  systems  that  an,’!  good  because  they! 
e.-tn  meet  a  variety  of  contingencies'.'  The  B-3b  example  illustrates  the  Air 
Torce's  desire  to  have  a  hedge  against  political  and  military'  bad  luck,  The 
uncertainties  we  have  outlined  suggest  that  this-  is  a  good  idea. 

Mr.  Hitch  presented  an  example  of  file  problem  in  dealing . with  uncer¬ 
tainly  that  iclates  to  the  specific  uncertainly  againsi  which  the  li-.iti  was  a 
hedge.  I  would  like  to  use  bus  example  and  to  expand  on  Mime  of  die  con¬ 
siderations  he  made.  Table  7.1  shows,  two  systems,  mine  or  less  relalcdito  the 
bombers  available  in  the  lost IV, ;  one  is  dependent  on  overseas  bases,  and  one 
is  made  up  of  verv  long  range  bombers,  operating  from  the  It  Shows  these 
two  systems  operating  under  two  condition-,,  (a)  with  oveiseas  liases., available, 
and  <b)  without  (hem.  1  would  life  u>  expand  both  the  list  of  alternative 
systems  ami  the-  lb, l  of  alternative  contingencies,  figuie  7.3  docs  this  and 
also  shows  m  a  few  of  (he  eases  how  the  system  might  fare  in  the  various 
contingencies.  \  ■  1 


i  argei: 
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If  overseas  t.xpected  oiileouie 
if  ovei  seas  bases  bases  not  if  probability 


System 

available  fa) 

available,  (hi 

.or  (a)  .  -  bir.,' 

Worst 

System  dependent 

on  overseas  bales 

too 

20 

92 

20 

I'r/y  long-range 

bombers  from  v\  . 

50 

50 

5U 

50 

“Minimitx” 

Aside  from  the  stale,  of  ley  weather,  the. six  contingencies  ..shown  in -big.  7.3 
icliite  to  distances  from  enemy  territory:  ioss  of  all  hakes  within  350  n  mi 


Fip,.  7.1  Some  bombing  systems  and  base  loss  situations 


of  Russian  boundaries,  loss  of  all  bases  within  500  n  mi,  and. sic  on  in  several 
discrete  lumps.  We  might,  of  course,  iose  bases  in  dilTerriii  types  of  lumps, 
say  all  bases  in  certain  politically  connected  areas,  hut  this  illustration  will 
suHiee.  You  will  observe  first  that  the  contingencies  listed,  while  only  a  small 
subset  of  those  possible,  are  rather  mine  extensive  than  those  presented  in  the 
table.  Having  all  our  overseas  bases  or  none  ate  extreme  cases.  We  have  a 
very  large  number  of  bases  in  a  couple  of  do/cn  diiieteni  countries.  While, 
the  behavior  of  these  countries  is  not  by  any  means  completely  independent, 
there  is  nevertheless  a  considerable  amount  of  independence,  flic  probability 
that  we  'would  lose  all  such  bases,  including,  say,  Canada  and  .  Maine,  is 
positive  but  quite  small.  I  have  included  Maine  as  a  possible  dofeeti^fn  to 
indicate  that  anything  is  possible:  We  cannot  even  be  sure  ui  mu.  Imsc  at 
l  imestone.  (The  Iasi  contingency  shown  in  big.  7.3.  the  loss  ol  all  liases 
within  .--KM  )0  n  mi  of  the  Russian  border,  includes  ibis  disaster  as  well  as  the 
loss  of  C-anada.) 

You  will  observe  that,  the  list  ol  alternatives  lor  operation  iiiulet  these 
varying  circumstance's  is  also  'longer,  though  by  no  means  exhaustive.  It 
includes  some  systems  which  can  only  operate  in  “lovely"  weather.  1  his,  for 
example,  is  literally  true  ol  the  pure  figh Lei  bomber  limited-radius  system 
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which  hus  no  special  tanket  supplement,  no  possibility  oi  co'nvei  liny  its 
homhtSrs  inlo  tankers,  ami  has  resolved  under  no  circumstance  to  adopt  such 
desperate  measures  as  one-way  operation.  1 1 s  score  is  terrible  in  bad  weather: 
excellent  in  pood  weather,  provided  we  have  bases  within  2‘U)  r,  mi  of  enemy 
territory;- oven  then,  poor  if  we  pel  pushed  back  another  250  n  mi;  and  in 
any  kind  of  weather,  terrible  in  ease  we  arc. pushed  hack  any  farther. 

The  list  also  includes  some  systems  permanently  encased  in  a  hermetically 
sealed  diver's  suit  to  which  are  attached,  also  permanently,  galoshes  and  an 
umhreila.  This  system  is  useful  in  the  rain  hut  is  something  of  a  botherin' nice 
wvathei.  It  is  exempli  lied  by  tin-  unreAieled  ami  exclusively  air-refueled  ' 
intercontinental  systems,  which  foi  a  fixed  budget  are  inellectivc,  no  matter 
what „  bases.  we  have  available,  because  these  systems  were  prepared  on  the 
assumption  that  we  always  have  to  operate  at  the  maximum  range.  And,  it 
is  perhaps  best  of  all  exemplified  by  the  exclusively  one-way  system. 

I  hese  examples  essentially  represent  the  two  extremes  Mr.  Hitch  had  in  • 
mind:  his  "miiiimax'’1 1  and  maximum  expected  value  -systems.  In  contrast 
with  ('liter  alternatives  they  illustrate- the  dclieicr-tcy  ol  both  extremes.  As 
Mi  llileh  staled,  both  the  miiiimax  system  (in  his  sense)  and  the  maximum 
expected  value  system  are  bad  The  latter  is  totally  unprepared-  for  the  worst 
case  and  .may  possibly  be  destroyed  .by  a  faint  sign  of  ruin.  The  former  i< 
prepared  only  for  tin);  "worst- case  and  cannot  exploit  the  advantages  inherent 
in  am  ol  the  much  moie  likely;  more  favorable  circumstances.  Moreover,  as  . 
!  have  alreai.lv  suggested,  i  have  noi  deli  noil  the  worst  ease  or  the  system 
that  would  minimize  our  cost  to  do  the  job  in  the  event  of  this  eatastiophc. 

i  have  assumed  that  Maine  would  not  defect  and  that  we  would  have  l.i'me- 
sionc.  But  just  "'leu  other  <.l  h-io,-,  i  nilglil  v-c  consider?  Can  we  even  be 
absolutely  sure  of  Omaha?  There  is  a  real  problem  in  ddining  the  maximum 
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disaster  we  want  m  minimi/.c.  hut  we  should  fecog;<szb : Hi  moments  cf  T.drri 
that  some  of  the  contingencies  wc  are  talking  abput  in  this  coitiicetion  the 
pi  ill:  is  td  delevtaen  ot  ’I  .i ■  among  uihi-rs- -ai-j"  r-'-it  very  !  i  I :  e !  V  and  also  arc 
uni  '.iiiiu.lv  subject  to  the  enemy's  control.; 

i  would  distinguish  here  several  types  ol  disaster.  One,  lor  example,  an 
enemy  attack  aimed  ■■  al  denying,  our  bases,  is  subject  to  enemy  decision.  II 
our  bases  are  extremely  weak,  the' attack  may  hey.  both  likely  lo  take  place 
and  likely  io  be  successful.  This  sort  of  disaster  is  not  jusL  bad  luck.  We  can 
measure  enemy  capabilities  and  our  susceptibility  to  attack  and  introduce  the 
- 1 1  si i Its  ni  attack  as  . > ii  iniegra!  part  of  our  systems  analysis.  Such  disasters 
might  he  called  systemic.  We  have  discussed  ways  lo  deal  with  this  problem. 

Another  sort  of  disaster  is  the  kind  of  thing  that  we  are  ordinarily  thinking 

II  Observe  that  this  kind  of  ‘'"ininimaxing”  , duffers  from  that  Ireated  earlier. > 

Is'irlier  we  were  eoneernei!  with  tee!ii’.k[nes  io;  ,iiii; I ! 1 1 li/.lli):  the  maximum  damage' 
likely  lo  be  administeieil  hy  an  int?ili%pnt  enrtiiy.  ■" 


•  -!  Avhcu  wo  fait.  u!  ronliiigetiey  planning.  it  is  ‘  typified  by 'sextren iply '-''had . 
wi-.if]ioi  which  denies  us  (he’pnssibilily  of  operating  from  various  bases.  Ibis 
is  subject  ini  some  time  l.o  come  neither  to -our  control  nor  the  enemy’s  arid 
is  a  case  of  had  lock;  an  extra-systemic  factor,  it  must  he  prepared  for,  hut 
we  must  recall  that  here  we  arc  countering  nature,  so  to  speak,  and  not  the 
enemy.  When  you  are  faced  with  an  intelligent  opponent  it  is  sensible  to 
suppose  that  lie. .may  choose  the  best  of  a  number  of  alternatives  likely  to 'be 
known  and  available  to  him  for  exploiting  soft  spots.  Nature,  however,  in 
spite"  of  some  evidence  to  the  contrary  presented  - in  Thurber’s  snort  stories, 
is  not  malignant. 

From  the' standpoint  of  contingency  planning,  political  disasters  lie  somC- 
wiicie  between  brute  nature  and  a  bombing  attack,  anil  rather  closer  to  brute 
nature.  The  consequences  ol  diplomatic  moves  are  not  as  subject  to  systemic 
prediction  as  the  result  of  a  bomb:, exploding  on  a  concrete  runway.  But,  like 
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the  weather,  they  musts  be  taken  into  account. |i To  take  them  grossly  into 
account  in  contingency  planning  wc  need  not  ‘‘-assign  exact  numbers  to  the 
j<iu!,dbi!;ty  o!  defection  by  one  of  our  allies.  We  do  have  to  be  able  to  place 
some  rough  limits  on  the  likelihoods  involved  and  to  make  some  judgments, 
such  as  (1)  it  is  more  likely  than  not  that  in  the  next  ten  years  or  so  wc  will 
lose  at  least  a  few  of  our  hMndrcd-odu  liases;  (2)  it  is  not  nearly  so  likely  that 
we  will  lose  all  of  them;  (3)  New  England  is  politically  reliable  as  a  base  area. 

ll  is  important,  however,  to  be  prepared  for  sonic  ol  the  less  likely  con¬ 
tingencies  and  not  just  the  most  probable  ones.  This  is  the  subject  of  insurance. 
A  large  variety  of  systems  indicated  in  the  list  ol  alternatives  in  big.  7.3 
provide  various  degrees  of  insurance  in.  contingencies.  It  seems  unlikely  that 
u  pure  force  will  be  optimal  in  the  complex  and  uncertain  circumstances  for 
which  the  United  States  must  prepare,  in  making  development  choices  wc 
arc  wise  to  hedge  arid  develop  more  than  we  will  .procure.  Mr.  Hitch  made 
this  porhl  and  so:  have  others.  This  means  that  we  are  putting  off  the  procure¬ 
ment  choice  until  later.  Such  a  tactic  of  delaying  decisions  occurs  not  only 
in  development  hedging  but  also  in  choosing  any  tlexihle  system  at  any  stage 
of  the  deVelopmcnt-piocui'cment-operation  cycle.  Figure  7  3  shows  several 
systems  which  can  Ipc  operated  in  a  multiplicity  of  ways  in  appropriate  con¬ 
tingencies.  When  we  procure  such  a  system  we  leave  open  the  choice  of  which 
way  wc  will  npeiate  until  the  contingency  arises. 

The  alternative  systems  shown  in  Fig.  7.3  exploit  a  third  piinciple'we  might 
call  “The  Multiple-Use  Principle  ’.  Preserving  flexibility  then  means  delaying 
decisions.  You  may  get  the  impression  that  we  conceive  the  task  of  systems 
analysis  not  so  much  as  that  of  assisting  decision  as  of  teaching  the  rriilituiy 
man  to  resist  it.  Is  Hamlet  then  our  model  of  a  modern  major  general?  Hamlet 
did,  in  the  end,  decide;  and  so  must  we.  ’the  point  made  about  preserving 
flexibility  is  best  phrased  not  in  terms  of  postponing  decision,  but  in  terms 
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of  not  rushing  if.  Decision  implies  choosing  one  course  of  action  rather  than 

others.  It  means  cutting  out  some  alternatives. 

How  is  tile  necessity  of  decision  consistent  with  the  need  to  develop  flexible 

systems  viable  tinder  a  wide  variety  of  alternative  circumstances'.’  The  answer 

is  that  a  flcxiWc  system  is  not  defined  as  one  dial  incorporates  all  weapons 

alternatives  bv  simple  addition.  This  is  the  simplest  sort  of  mixture.  Because 

we  are  constrained  by  a  budget,  even  if  we  choose  one  weapons  system  type 

for  each  alternative  contingency  we  are  sacrificing  some  quantity  of  weapons 

of  other  tvpcs  merely  by  introducing  a  new  type  into  the  mixture.  A  system 

that  will  perform  well  in  alternative  contexts  is  good  precisely  insofar  as  it 

•enables  us  to  meet  one  contingency  without  sacrificing  capability  excessively 

in  others.  It  is  good,  for  example,  if  it  enables  11s  to  preserve  capability  ill 

contingencies  and  yet  to  eliminate  some  special  systems  as  redundant.  In  tins 

list  the  systems  that  involve  multiple  uses  for  the  same  item  arc  of  this 

character.-.  '■ 

■) 

figure  7.3  lists  a  variety  of  forces  of  strategic  bombers,  some  pure,  some 
involving  a  mixture  of  hoiubei  types  each  of  which  is  largely  convertible, 
and  some  involving  various  convertible  systems.  In  making  our  choice  among 
these  forces  it  is  essential  to  considei  their  performance  in  all  the,  interesting 
contingencies  and  not  jttsl  in  one.  I  his  means  wc  must  look  nut  mils  at  tin1 
expected  ease  hill,  also  at  the  insurance  contingency,  it  also  means  Meat  i! 
is  not  enough  to  look  at  the  insurance  contingency  alone- -even -when  we  arc 
talking  of  a  weapon  system  which  is  primarily  thought  ot  as  a  h<  dge  because 
there  may  be  aiteinath'c  hedges,  it  is  always  good  to  ask  whether  some  ol 
these  hedges  also  may  he  useful  in  other  fairly  likely  circumstances,  llicie 
is  aii  interplay,  then,  between  our  insurance  ami  our  other  objectives.  I!  we 
have  two  systems  opeiating  from  the  ( iontiiieidal  United  States  that  are 
equally  good,  but  on -the  premise  that  at  least  Canada  is  still  with  us,  one 
is  a  gnat  deal  better,  then  clearly  this  second  system  is  preferable,  unless  we 
are  (.lead  certain  that  we  will  lose  every  one  of  oni  allies,  i  mi  choice  o  even 
clearer  if  the  two  systems  compared  have  the  perfui  maitee  ol  the  last  two 
shown  in  f  ig.  7.3. 

I  el  me  refer  to  another  pair  of  contingencies  mentioned  earlier;'  the  case  in 
which  we  gel  the  first  strike  in  a  war  against  the  Soviets  and  one  in  which  this 
least  undesirable  order  is  reversed.  '!  here  arc  many  who  llimk  llie  most 
unsatisfactory  order  more  likely;  there  are  some  who  are  more  optimistic,  in 
ally  case  it  is  clear  that  we  are  tar  from  sure  We  saw  enrlief  dial  systems  which 
look  just  line  when  we  get  the  first  strike  (sav  an  enemy  aii.u  k  oil  om  allies) 
can  look  very  had  indeed  when  we  do  not.  Designing  u  system  that  due1', 
well  in  both  of  these  contingencies,  then,  is  of  great  importance.  Such  a  system 
might,  for  example,  limit  significantly  the  damage  to  our  civil  society  i!  we 
respunu  with  an  undamaged  strategic  lurce  to  enemy  aggression  againsL  mu 
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allies.  And  in  any  event  it  could  make  clem  to  ihii  enemy  that  even  ii  he 
should  strike  directly  at  our  strategic  force,  his  own  military  and  civil  society 
could  be  devastated.  Such  a  system  would  he  a  reliable  deterrent  to  attack 
on  the  United  States.  It  could  oiler  some  insurance  i'n  case  deterrence  failed.  ■ 
On  the  other  hand,  as  suggested  earlier,  this  insurance  capability  should  not 
make  if  more  likely  that  deterrence  would  1  ail. 

It  is  correct  that  the  system  just  described  would  dominate  the  other 
s\  stents  listed  in  Fig.  7.4  land  described  earlier.  We  are  not  likely  to  stumble 
upon  'this  sort’of  dominance.  K  is  more  frequently  the  work  of  design 

I  he  work ,  of  designing  such  comprehensive  systems  involves  ingenious 
construction  of  detailed  systems  components,  of  the  force  as  a  whole,  and 
of  its  operation  strategy.  Such  invention  is  fruitful,  even  if  concerned  Only 
with  smaller  systems  which  we  are  in  the  habit  of  thinking  of  as 
"components".  .  ; 

The  familiar  mathematical  theory  of  utility  postulates  a  complete  ordering 
of  preferences.  I  doubt  very  much  whether  this  postulate  is  realistic  or  even 
meaningl ill  as  applied  to  individuals:  still  iess  is  applied  to  nations.  It  is 
doubtful  in  particular  that  wo  have  the  means  tor  comparing  every  pair 
ii  chosen  at  laiulom  among  such  complex  policies  as,  con!  rout  us  in  Piaking 
national  defense  decisions.  In  some  cases  we  simply  .don't  know  whelher  we. 
prefer  one  to  the  other  or  whelher  we  are  indilferent.  On  the  oilier  hand, 
there  are  partial  orderings  that  are  possible,  and  in  the  course  ol  a  systems 
studs  we  can  expand  such  pailial  orderings  as  we  increase  om  knowledge 
about  the  systems  that  have  been  proposed,  as  we  develop  more  inclusive 
criieiia,  and,  above  all.  as  we  design  policies  that  dominate  ones  currently 
contemplated.  Preference  schemes  are  perpetually  and  necessarily  incomplete, 
always  in  the  process  of  consti  action,  as  vve  liud  out  more  about  what  alter¬ 
natives  are  open  and  more  about  what  we  want. 

(iiven  the  tremendous  range  of  uncertainties  and  the  other  sliHiculties 
described  earlier  in  this  chapter.  il  may  he  asked:  Is  it  possible,  except  as  an 
extraordinary  stroke  of  luck,  to  invent  any  system  mi  the  small  or  in  the  large 
Ilia!  dominates  Ms  many  million  alternatives?  II  this  question  concerns  whether 
we  can  find  the  optimum  in  the  sense  ol  the  best  possible,  1  am  inclined  to 
think  that  il  is  beside  the  point. 

The  pom!  is  to  get  something  better.  And  here  the  dillicillties  ol  the  problems 
we  arc  attacking  oiler  a  kind  of  inverted  comfort,  j  he  solutions  current. y 
accepted  fur  mam,  problems  of  importance  may  be  quite  inadequate.  I  Ills 
would  hardlv  he  surprising  ill  the,  light  ol  our  review  ol  the  dillicillties  brought 
about  lv  .the  swift  and  continual  changes  in  modern  weapon  technology,  i  he 
implications  of  such  changes  are.  Complex,  tar  reaching,  not  easily  understood, 
and  still  less  easily  faced  in  practice.  The  organs  lor  making  decisions  in  this 
area  "and  carrying  them  c>ut  have  to  be  big  in  order  to  handle  the  immense 
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detail  of,  administering  programs.  Rut  big  institutions,  as  we  remarked  earlier 
when  we  noted  the  possibility  that  one's  opponent  might  use  a  less  than 
optimal  strategy,  exhibit  considerable  inertia.  The  same  is  true  for  both  sides. 
Actual  programs  may  lag.  Strategies  may  be  inert.  Thus  there  is  an  opportunity 
for  the  inventive  systems  designer,  detached  sufficiently  front  the  detail  of 
everyday  operation,  to  examine  the  wider  implications  of  impending  technical 
and  political  change. 

Even  if  a  .systems  analysis  cannot  determine  an  ideal  “best"  (and  defining 


“best  possible”  has  difficulties  related  to  those  that 


beset  the  definition  of 


worst  possible' J,  it  is  helpful  it  it.  can.  find  and  prove  some  system  that  is 
i  distinctly  belter  than  those  likely  to  be 'accepted  otherwise.  That  it  can  do 
■■  this  much,  systems  analysis  has  already  demonstrated. 


■■0 
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Introduction 


It  is  not  easy  to  tell  someone  how  to  carry  out  a  systems  analysis.  We  lack  an 
adequate  theory  to  guide  us.  This  must  be  expected,  for  systems  analysis,  even 
more  than  operations  research,  is  a  new  discipline.  History  teaches  us  that  good 
theory  usually  comes  late  in  the  development  of  any  field  and  After  many 
false  starts. 

The  attention  of  the  practitioners,  when  it  has  turned  to  methods,  has  been 
focused  mainly  on  the  development  of  mathematical  techniques  for  handling 
certain  specialized  problems,  common  in  operations  research,  rather  than  on  an 
attempt  to  build  a  basic  theory  for  the  treatment  of  broad  context  questions 
such  as  occur  in  defense  planning.  This  attention  <jto  technique  has  met  with 
great  success.  Models  have  become  easier  to  manipulate,  even  with  many  more 
variables  lepresented,  and  the  computational  obstacles  in  operations  research 
now  cause  comparatively  little  difficulty.  The  more  philosophical  problems, 
however,  such  as  occur  in  providing  assurance  that  the  model  is  meaningful,  in 
devising  schemes  to  compensate  for  uncertainty,  or  in  choosing  appropriate 
criteria,  are  most  troublesome.  Therefore,  the  many  jmportant  and  useful 
mathematical  techniques  of  operations  research  are  treated  very  cursorily  in 
this  hook,  although  Chapter  I  I  tries  to  give  some  .indication,  of  their  nature 
and  limitation-,.  Concepts  and  understanding  -areas  where  the  analyst  as  well 
as  the  user  is  more  likely  to  err— are  emphasized  instead.  " 

When  the  possibility  of  preparing  a  lecture  on  Hie  procedure-,  ol  analysis  was 
fii  st  consider'd,  the  proper  approach  sccmc?I  obvious;  Examine  all  available 
studies  curried  tVut  to  help  miiiiaiy  decisionmaking  and  exlruel  the  principles 
and  method;,  common  to  the  successful  studies.  In  other  words,  isolate  the 
ideas  that  make  an  analysis  a  good  one.  I  his  effort  did  not  turn  out  to  be  very 
productive..  Either  the  sample  was  too  small  or  we  were  not  sufficiently  per¬ 
ceptive1,  or  (what  now  Seems  more  likely)  no  universally  accepted  set.  ol  ideas 
existed.  It  was  even  difficult  to  decide  which  studies  should  be  called  good  or 
successful.  '  r 

One  hope  for  guidance  is  to  turn--  to  science.  In  fact,  it  is  frequently  argued 


149 


1.1  1  MINIS  \NP  Ml  lll'.BiS 


I  SO 


I  <  1  s 


that  operations  research  should  he  considered  a  science.  Hut  Jlto  goals  are 
diHerenl.  Science  is  concerned  primarily  with  the  pursuit  of  truth  and  a  heller  ' 
imderslaiiil'uig  of  the  world  we  live  in.  Operations  research,  almost  without 
exception,  is  concerned  with  policy,  th'Ul  is,  with  more  effective  manipulation 
of  the  real  world— even  if  this  may  have  to  he  accomplished  without  full  un¬ 
derstanding  of  the  underlying  phenomena  Its  purpose  is  seldom  merely  to 
understand  or  to  predict. 

There  is  little  difference  in  method: 

.1 

.  .  .  Both  the  exact  scientist  and  the  operations  analyst  fend  to  make  use  of 
what  is  sometimes  called  a  mathematical  model  of  the  subject  mallei';  in 
the  case  of  the  scientist  such  a  model  is  apt  to  he  pari  of  the  well-confirmed 
hotly  of  our  scientific  knowledge,  whereas  an  operations  reseat  eh  mode!  is 
of  a  more. tentative,  ail  hoc.  character.  In  other  words,  even  if  the  current 
status  of  science  provides  no' well-established  theorv  for  (lie  phenomena 
to  he  dealt  with  hv  the  operations  ‘analyst,  the  latter  must  nevertheless 
construct, a  model  as  best,  lie  can,  where  both'  the  structure  of ‘the  model 
and  its  numerical  inputs  may  he  based  merely  on  intuitive  insight  and 
limited  practical  experience  by  the  analyst  himsdl  or  by  whatever  export 
advisers  on  the  subject  nuttier  may  he  available  to  him.  As  further  insights 
accrue  and  more  experimental  data  become  available,  (he  operations 
analyst  has  to  lie  ready  to  discard  his  licVi  model  and  replace  if  with  an 
improved  one.  1  his  tentative  procedure,  dielaled  by  piagmatio  considera¬ 
tions,  is  thus  essentially  one  of  successive  approximation,  “in  this  rcg.cd, 
operations  research  has  a  status  similat  to  that  of  the  so  called  inexact 
sciences,  oi  which  medicine,  engineering,  and  most  of  the  social  sciences 
are  examples. 

Therefore,  in  comparing  operations  research  with  ad  exact  science,  it  is 
with  regard  to  exactness  that  operations  research  falls  short,  hut  not 
tteecsSal ily  with  regard  1,0  the  scientific  character  of  its  methods.  1 


( 'per.itioi.s  research  attempts  to  use  the  methods  nt  science,  this  means  in 

'!  ■  i  ■ 

C-..V- ilia;  .Liljes  for  the  same-  ijaUilioits.  Scientific  tradition  holds  that 
ti  g  results  are  obtained  hv  processes  that  another  scientist  can  duplicate  to 
attain  the  same  results;  f 2 >  all  calculations,  assumptions,  data,  and  judgments 
arc  made  explicit  add.  thus  subject  to  checking,  ciiticisnu’  and  disagrceme.ii;; 
(3 )  the  scientific  method  is' objective;  its  propositions  do  riot  depend  on  pcisnn- 
ainics,  t epuumuns,  tn  vcsieil  inteiest--.,  vvIk.o  j'.. i-.dh!i  >!  is  i|Uantital i ve  and 
expci  uneiital.  for  operations  reseat  eh  :*:!■!  systems  analysis,  however,  lhe.se  arc 
slil!  unachieved  gunk.  .  / 


1  Ota!  tlehner.  The.  -Sysfcnuilit:  IJxe  of  lixpert  jialciacni 
Research,  file  Kano  (  orpo'ratiuli,  h-d'/V.X,  Septenlbei  l’>M. 
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Operations  research  and.  to  an  even  greater  degree,  systems  analysis  seem 
to  he  more,  nearly  engineering  than  science.  For  the.  purpose  of  making  a 
distinction  here,  one  might  say  that  science  finds  things  out,  while  engineering 
uses  the  results  of  science' to  do  things  cheaply  and  well. 

While  there  are  similarities  between  the  typical  engineering  problem  and  the 
typical  military  systems  analysis  or  operations  research  problem,  there  are 
important  distinctions.  Most  of  these  are  of  a  quantitative  rather  than  of  a 
qualitative  nature.  In  military  systems  analyses 


1.  There  are  relatively  many  more  factors  that  can  only  he  estimated  rather 
than  measured  oi  experimented  with.  Consider  as  an  example  the  design  of  a 
‘'IlyaMtay”  kit,  lhal  is,  a  package  of  spare  parts,  tools,  and  equipment  to  he 
airlifted  into  the  field  to.  support  a  tactical  hoinber.  Aivmrfg  a  host  -of  factors, 
the  design  depends  upon  the  character  of  the  war  in  which  the  bomber  is  to  be 
used.  Hut  the  pattern  of  future  wars  in  which  a  tactical  bomber  might  be  used  ' 
is  a  ical  uncertainty-— not  something  that  can  he  espi-riniontod  with 

2.  T.ven  when  measui ciuents  can  be  made,  the  results  of  field  tests  or  of 
experiments  made  on  the  proving  ground  are  likely  to  differ  radically  from 
results  obtained  under  mmlui  conditions. 

Again,  refer  to  the  Ilyaway  kit  problem,;  the  peacetime  demand  lot  spam 
pails  do,  -,  no!  necessarily  reflect  the  wartime  demand  the  kit  should  be  designed 
Hi  meet. 

.1.  I'lie  time  period  after  which  the  answers  become  worthless  is  almost 
always  extremely  brief. 

In  these  days  weapons  become  obsolete  rapidly,  ii’  we  speno  enough  lime  in 
testing  ev.cn  to.  establish  the  peacetime  demand  for  spares  for  our  Ilyaway  kit, 
we  may  have  our  anxwci  too  late  to  be  .of  any  help.  . 

I  he  time  limit  is  important  to  the  engineer  elsp,  but  ordinarily  not  in  the 
same  extent,  lo  the  academic  scientist,  time  may  not  he  of  particular  con¬ 
sequence.  He  is  alter  a  high  degree  nl  confidence  in  his  results,  and  whatever 
time  it  takes  to  get  the  degree  ol  confidence  fie  is  idler  lie  can  usually  lake. 

I  lie  militniv  analyst,  on  "I  he-  inner  hand,  must  Ircquenll)  reach  his  best  possible 

-conclusion  ni  a -limited  .time. 

.4  I  here-  is  irequeully  no  way  to  verify  ine  conclusions  oi  the  >. 1 1 1 c t y  . 

II  we  are  Utel.v,  hetore  there’ is  a  war  our  Ilvaw>y  t  4  will  lie  renlmeil  hy 
another  to  complement  a  more  modern,  aircraft,  and  we  will  iu  ver  find  out 
whether  the  original  kit  would  have  been  sniisf.u-ioi  y 

5.  'I  lie  value  concepts  are  much  more  troublesome'.  L  ike  engineer  ing,  ihe 
military  analyses  seek  to  help  someone  take  action;  unlike  most  engineering,. 
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however,  the  determination  of  objectives,  costs,  and  criteria  represents  a 
difficult  problem. 

6.  In  military  analysis,  as  opposed  to  its  civilian  counterparts,  the  inter¬ 
action  of  the  enemy’s  alternatives,  objectives,  and  costs  with  our  own  is  usually 
the  major  problem,  and  the  interaction  between  our  own  alternatives,  objectives, 
and  costs  is  relatively  minor,  ’while  the  need  to  hear  conjiici  aspects  of  the 
problem  does  not  necessarily  make  the  analysis  more  difficult,  it  does  introduce 

an  additional  set  of  uncertainties  and  complexities.  f 

(» 

There  are  also  some  more  subtle  differences. 

For  fine  thing,  systems  analysis  is  engineering  at  a  high  level  in  the  sense 

.  suggested  by  the  following  example.  A  glass  engineer  successfully  plans 
the  production  of  certain  kinds  of  optical  glass  on  the  basis  ol  chemical' 
knowledge;  a  lens-designing  engineer  designs  camera  lenses  on  the  basis 
of  a  knowledge  of  optics,  the  techniques  of  lens  manufacture,"  and  the 
general  capabilities  of  the  glass  engineer;  a  camera  engineer  designs  a 
cuineia  on  die  basis  of  his  knowledge  of  many  things,  including  what  the 
.  lens  designer  can  do;  the  aeronautical  engineer  designs  a  reconnaissance 
|: plane,  using,  among  other  things,  his  knowledge  of  what  he  can  expect 
from  the  camera  designer;  the  systems  analyst  designs  a  reconnaissance 
system  knowing  what  he  can  expect  from  the  plane  designer.  Of  course, 
there  is  communication 'up  and  down  the  list, 

Military  systems  analysis  may  dilfci  from  ordinary  engineering  in  its 
enormous  responsibility,  in  its  relatively  poor  data,  and  in  the  unusual 
difficulty  cf  appraising  the  value  system  applicable  io  its  problems,  but 
these  dilierences  arc  not  violent;  they  aie  quantitative,  noi  qualitative.  All 
the  difficulties  referred  to  occur  in  some  measure  in  the  humblest  engi¬ 
neering  problem  such  as  designing  a  simple  dog  kennel 

Pci  naps  no  set  of  lectures  has  ever  been  directed  toward  those  who  employ 
civil,  mechanical,  or  chemical  engineers,  and  while  it  would  not  be  impossible, 
to  imagine  such  a  course  being  useful,  it  is  significant  that  it  is  nonexistent  - 
or  rare. 

If  a  city  hires  an  engineer  to  design  a  bridge,  it  may  perhaps  have  his 
work  checked  hy  another  engineer ,  but  the  city  fathers  will  no!  presume  to 
study  his  report  with  a  view  to  seeing  ioi  themselves  whether 'the  pioposcd 
bridge  is  likely  to  collapse,  they  believe,  with  more  or  less  reason,  that  the 
held  of  civil  engineering  is  sufficiently  well  developed  and  a  licensed 
engineer  so  likely  to  be  firm  in  his  science  that  his  judgment  m  this  matter  » 

'  \-  Unpublished  communication  from  L.  J.  Savage  vuinmeniing  on  an  earlier 
version  of  this  chapter.  , 
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is  overwhelmingly  heller  than  their  own.  Similarly,  they  will  tmst  the 
authority  of  their  engineer  that  -the-  clearance,  carrying  capacity,  safety,  , 
and  durability  of  the  proposed  bridge  cannot  all  be  increased  without  an 
increase  in  cost.  The  trade-offs  among  these  values  migly  in  principle 
concern  the  city  fathers,  and- in  special  eases  they  will,  but,  by”  and  large, 
there  will  he  none  among  them  capable  of  or  feeiing  the  responsibility- for 
going  deeply  into  these  matters.  Where,  however,  a  defense  system  for  the 
nation  is  concerned,  tradition  cannot  he  relied  upon;  for  there  is  too  little 
of  it.  The  irade-olTs  between  the  various  values  involved  are  properly  felt 

ji  to  he  high  concerns  of  the  nation  and  the  immediate  responsibility  of  high 
government  oflieers.  Of  course,  even  in  the. case  of  the  bridge,  there  are 
some  trade  olT  considerations  that  the  eilv  fathers  cannot  dodge.  Thev  |! 
must  make  softie  decisions  that  depend  on  their  estimates  of  (lie  political 
temper" of  the  city  and  of  its  probable  future  growth — decisions  for  which 
the  civil  engineer  has  no  particular  competence*. 

8.?..  Tin;  )*mi  osopiiu  a i  aspf.cis  or  anai  ysis 

.i 

Systems  analysis,  particulai  ly  of  the  type  required  lor  military  decisions,  is 
still  largely  a  form  of  art,.  An  art  can  he  taught  in  part,  hut  not  by  means  of 
fixed  rules  which  need  only  tie  followed  with  exactness.  'Shus,  in  these  auahses 
we  have  to  do  some  tilings  that  we  think  arc  right  hut  that  are  not  verifiable, 
that  we  cannot  really  justify,  and  that  are  nevei  checked  in  the  output  of  the 
wotk.  Also  we  must  accept  as  inputs  many  iclativciy  intangible  factors  doiivai 
hum  human  judgment,  and  we  must  present  answers  to  lie  used  as  a  basis  for 
oilier  judgments.  Whenever  possible,  this  judgment  is  supplemented  by  inductive 
and  numerical  reasoning,  but  it  is  only  judgment  nonetheless. 

In  fact,  to  a  huge  .  extern,-  systems  ..maly:;.!:.-  and  opcJ2ti'>°s  '‘-search  are 
successful  aids  to  policy  determination  in  areas  such  as  national  security,  where 
there  is  no  accepted  iheoielica!  foundation,  precisely  hceausc  tliev  are  designed 
to  make  systematic 'and  ellicient  rather  than  haphazard  and  unguided  use  <>l 
judgment  by  specialists  or  experts  in  the  holds  of  interest.  The  essence  o!  their 
method  is  to  construct  a  “model"  appropriate  to  llic  problem;  such  a  model 
which  may  he  a  game,  a  computer  program,  or  a  politico. militaiy  scenario 
intmduees  a  precise  structure  n-nd  tenninology  that  serves  primarily  as  an 
elleetivc  means  ol  communication,  ami,  through  teedhaek  the  mimici  moves 
in  a  war  feanie,  lor  instance--  helps  the  experts  to  arrive  at  a  dealer  ujidci- 
standing.  of  the  subject  mailer  and  the  pu-hlem. 

There  is  a  distinction  here  between  opeialions  ■  •search  and  what- we  term 
systems  analysis,  to  lie  more  explicit,  consider  what  might  In-  called  a  "typical" 

ii  . 

"  Ibid.  '  s 
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opera  I  ions  rosea  i  eh  problem  nv  manv  of  its-  practitid'ners.  Although Ihere.  may 
lie  scvi.i .il  lcsomce  variables  which  arc-- subject, m  choice,  ihc  problem  usually 
can  (by  making  enough  assumptions)  he  pul  in  a  form  where  there  is  only  oijjc 
dependent  variable"  termed  the  criterion  or  measure  ol  merit  (frequently  cost); 
this  is  to  he  optimbed  subject  to  some  s-jt  of  constraints.  The  relationship 
between  this  dependent  variable  and  the  le.source  variahi.es  is  formulated 
mathematically. 'This  allows  trade-oil's  between  resources  to  lie  investigated.  On 
the  other  hand,  Ihc  “typical.’  .systems  analysis  problem  is  oiien  first:  What  is 
the  problem?  I!  is  frequently  dillieult  to  formulate  a  criterion  because  the 
objectives  maybe  multiple  and  coellieuiig.  bradc-ol!  ma\  have  to  he  investigated 
between  objectives  as  well  as  between  resoiuees  Moreover,  il  nrnv  be  impossible 
to  describe  the  relationship  between  objectives  and  resources  in  terms  of  known 
mathematical  functions  or  even  lo  describe  il  numerically  or  graphically.  With¬ 
out  a  means  for  expressing  the  relationships  between  these  classes  of  variables, 
the  ouiv  recoil i sc  lor '  investigation  of  trade  oil's  lies  in  'the  judgments  and 
intuitions  of  experts  Such  judgments  in  systems  analysis  are,  of  course,  in 
addition  to  those  which  arc  inherent  in  even  the  simplest  operations  research 
problem  for  example,  judgments  about  the  scope  of  the  problem. 

To  emphasise  further  this  distinction  between  operations-  research  anil 
systems  analysis,  we  quote  fin  essence'  from  one'militai  y  report. 

The  participants  were,  asked  to -project  Ihcir  experience  and  thinking  into 
an  uncharted  future  whi-i-i*  fopn-d  <Jp.  n  me  pllmed  hills'  or  no  guidance 
and  where  i  nim  pis  of  future  war  would -’not  necessarily  be  limited  by 
piactica!  considerations  ol  ctineni  oiganiAilioii,  weapons,  and  budgets. 
I'hr  \vt>rk  ol  the  yroa/j.  ilu  i  r'fori'.  uv/v  mil  rrsron  h.  Concepts 

•mil  hypo) hisses  were  presented  and  discussed  that  could  not  be  suppoitcd 
immediately  by  facts  and  figures  01  be  analysed  in  terms  of  experience  or 
experimental  data;  simply  because  the  necessary  data  did  not  exist  '. 

Again,  Irons  another  source. 

1  iio  li i i.i u ij i ;i is t n  ill  objectiy es  all*.!  the.  .iciion  on  llie  i eCoiiiuieiiilaf ioi is  ale 
:..  not  prApcrly  iiielnded  in  the  aelivilv  of  i In  opeiations  analysl.  being 

literally  hooudaiv  ebudilio.ns  imposi'd  oil  the  ItVcijoiij,  of  his  opi'i  atioir’. 

:  If  i 

While  such  aelivijies  niav  hoi  be  opera!  ions  research  in  y  art;  part  and  paiccl 
ot'iiie  tieiivities  vilneii  go  oij  umler  die  name  ol  systems  analysis. 

This  Mice, ears  dial  analyse:.  in  suppoii  ut  heiciise  iieeisiouin.if.-i.-i s  ai  ihe 
natidiiaf  policy  level  is  dillcH'jnt  fy  on  i  operations  research  As  traditionally  viewed 

1  italics  supplied.  ■■  .  •  < 

•'  I  lumias  I  .  Saaty.  Mclhcinrl/iriil  A Irthoih  uj  Ofcrutions  /(miwi'/i,.;  MeCimw- 
lliil  liook  Company,  Inc.,  New  York,  1959.  p.  4.  :• 
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...The  traditional  for Ambition  oL  operations  research  problems  in  terms 
of  ends  anil  "means — how  can  1  maximize  the  achievement  of  an  objective 
or  a  set  of  objectives  for  a  given  cost,  or  alternatively,  how  can  1  minimize 
the  cost  of  achieving  a  certain  set  of  objectives'.'  -is  proper,  but  limited. 
At  the  national  policy  level,  the  major  part  of  systems  analysis  is  the 
exploration  of  the  interaction  of  entlTand  means.  By  that  interaction  is 
meant  that  what  are  objectives  from  one  point  of  view  are  means  front 
another;  that  what  is  worth  trying  to  do  depend:;  on  whet  is  possible  to  do, 
or  on  how  effective  the  means  for  doing  it  are;  and  that  any  given  objective 
is  likely  to  be  one  of  a'  number  of  alternative  ways  of  achieving  a  still 
broader  objective®. 

Hecisions  pertaining  to  choices  of  alternative  weapon  systems  or  force 
structures  and  the  strategies  for  their  employment,  made  five  to  ten  years  in 
advance,  are  .  essentially  matters  of  i economic  choice.  Certain  elements  are. 
common  to  such  pioblems,  although  ihese  elements  may  not  always  be 
explicitly  identified  by  the  analyst.  These  were  stated  earlier  by  G.  J.  Hitch  in 
Chapter  2  and  have  been  discussed  scpaiafcly  in  the  last  four  chapters. 

!.  The  objective  (or objectives).  Systems  analysis  is  undertaken  primarily  to 
suggest  or,  at  the  very  least,  to  help  choose-  a  course  of  action.  This  action 
must  have  mi  aim. r.r  objective.  Policies  or  strategies,  forces  or  equipment 
are  examined,  compared,  and  pi  cloned  oil  the  basis  of  how  well  and 
how  cheaply  they  ran.  accomplish  the  aim  or  objc  dive. 

2.  I  he  alternatives;  The  alternatives  are  the  means  by  which  it  is  hoped 
the  objectives  can  be  attained.  They  need  not  be  obvious  'substitutes  m 
■  perform  the  same  specific  function. 

;  5.  The  costs.  1  ..ic'fi  alternative  means  of  accomplishing  the  objectives  implies 
tlic  use  of  specific  lesuiuees  which  cannot  then  be  used  for  other  purposes. 

4.  A  model  (or  models).  The  model  is  a  representation  of  the  situation 
under  study  designed  to  predict  the  cost  and  pel  foi  manee  of  each  al¬ 
ternative.  It  abstracts  the  relevant  features  of  the  situation  by  means  wnich 
mav  vaiv  I  mm  a  set  of  mathematical  equations  or  a  computer  program 
•to  an  idealized  description  ol  Iho  silualion  in  which  judgment  alone  is 
used  to  assess  the  consequence';  ui  vinous  choices.  ii 

v» .  A  -i  rih  rilfit.  A  criterion  is  a  rule  or  lest:! by  which  one  al('eina-live  can 
be  chosejj  in  preference  to  another.  It  provides  a  means  fpr  using  cost 
and  effectiveness  to  order  the  alternatives. 

i'1  Alain  C.  I -ji thriven,  "Operations  Research  and  the  Design  of  the  Defense 
Program”,  Proceedings  of  the  Third  International  Conference  on  Operational 
Research,  Dunod,  Paris,  1964,  pp.  531  538. 
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II  is  easy  k>  find  stalemenls  in  l lie'  literature  of  operations  research  which 
imply  that  analysis  to  aid  any  decisionmaker  is  real  I  \  nothing  more  titan  the 
“scientific  method’’  extended  to  problems  outside  the  realm  of  pure  -.eience. 
F.ven',; though  it  is  hy  no  means  clear  that  there  is  any  unique  method  which 
might  he  termed  the  “scientific  method",  what  is  usually  meant  is  that  the 
analysis  advances  through  something  like  the  following  stages: 

ronnitlation  —  Defining  the  issues  of  concern,  clarifying  the  objectives, 
and  limiting  the  problem. 

Search  Determining  the  relevant  data,  looking  for  alternative 

programs  of  action  to  resolve  the  issues. 

Explanation  lluilding  a  model  am!  using  it  to  explore  the  consequences 

of  the  alternative  programs,  ordinarily  hy  obtaining 
estimates  of  their  cost  and.  performance. 

Interpretation  Deriving  the  conclusions  and  indicating  a  preferred  al¬ 

ternative  or  course  of  action.  This  may  he  a  combination 
■  of  features  front-  previously  considered  alternatives  or 
their  modification  io  rellect  factors  not  taken  into  account 
!!  eaiiier. 

Verification  I'csting  the  conclusion  by  experiment. 

A  systems  analysis  always  involves  the  lirsi  four  ot  these  stages  hut  fie- 
quenlly  must  omit  the  last,  for  military  problems,  experiment,  other  than  a 
pseudo  expci inienl  by  simulation,  may  simply  not  he  available. 

The  discussion  of  methods  is  divided  into,  lour  sections,  corresponding  to  the- 
first  four  stages  listed  above.  Much  methodology  is  discussed  elsewhere,  how¬ 
ever.  For  instance,  model  building  in  Chapter  4,  gaining  in  Chapter  10.  and 
taking  account  of  the  enemy  in  Chapter  12.  This  chapter  repeats  some  of  the 
material  of  the.  earlier  chapters,  not  only  Ini  emphasis  hut  also  for  perspective. 

■  iormulalion  ■> 

Formulation  implies  an  attempt  to  isolate  the  question*,  or  issues  involved, 
to  fix  the  context  within  which  these  issues  are  to  he  resolved,' to  define  the 
meaning  of  the  variables  or  ‘actors  that  aie  operative,  and  to  state  relationships, 
among,  these  factors.  The  relationships  may  he  cxlremelv  hypothetical  because 
empirical  knowledge  may  he.  in  short,  supply,  hut  they  will  help  make  the 
logical  structure  of  the  analysis  clear.  In  a  sense,  tins  is  the  most  important 
stage,  for  the  time  spent  id-staling  the  problem  in  ililierenl  ways,  redelining  it, 
or  expressing  its  limits  brings  to  light  whether  it  is  spurious  or  trivial  and  points 
the  way  to  its  solution.  The  tendency  all  too  frequently  i-  to  accept  the  original 
statement  of  what  is  wanted  exactly  as  proposed,  and  then  to  set  about  building 
a  model  and  gathering  information,  scarcely  giving  a  thought  to  how  the 
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ansWVj  will  contribute  to  the  decisions  which  it  is  trying  to  assist.  .In  fact, 
because  the  concern  is  with  the  future,  the  major  job -may  be  to  decide  what 
the  policymaker  should  'Want  to  do.  Since  systems  studies  have  resulted  in. sonic 
rather  important  changes,  not  only  in  how  the  policymaker  carries  out  his 
activity  but  in  the  objectives  themselves,  it  would  be  self-defeating  to  accept 
without  inquiry  the  customers’  or  sponsors'  view  ot'  what  the  problem  is.  ■ 

An  analogy  with  medical  practice  may  be  drawn.  No  doctor  ignoics  a 
patient’s  description  Of  his  symptoms,  but  he  cannot  allow  the  patient's  self' 
diagnosis  to  override  his  own  profess  ion  at  judgment.  The  medical  analogy  is  not 
entirely  applicable,  however;  the  businessman  or  military  commander  ordinarily 
knows  more  than  anyone  else  about  Ins  actual  operations  and  what,  it-  anything, 
might  be  wrong  with  them. 

How  then  is  the  analyst  to  know  bis  formulation  of  the  problem  is  superior? 
His  isulv  i>nssihh‘  <ui\'(tnlai;i •  lii  s  in  analysis.  I  hat  is.  the  process  of  problem 
formulation  itself  has  to  be  the  subject  of  analysis.  I  he  systems  analyst  always 
hast  some  idea  as  to  the  possible  solutions  of  the  problem;. otherwise,  he  probablv 
should  not  be  working  on  it,  for  his  analysis. will  prove  to  be  too  formal  ana 
abstract,  At  this  early  stage  the  analyst  essentially  makes  an  attempt  to  solve 
the  problem  before  the  facts  ,are  known.  It  is  this  attempt  which  gives  him 
a., basis  for  better  formulation. 

l.cl  us  take  art  example  of  how  an  analyst  might  go  about  problem  formula 
lion,  lake  the  choice  of  a  criterion  !i  mn\  he  hopelessly  impossible  to  think 
out  a  good  one  in  advance.  1  la'  pi  adieu!  wav  may  be  to  take  a  rather  erode 
value  scale,  see  what  solution  its  use  loads  to.  and  then,  if  the  solution  is  not  in 
■  accordance  with  common  sense,  revise  it.  I  or  instance,  considei  the  analyst 
who  needed,  to  lose  weight  ami  set  out  ll(  use  ;i  line  ar  programming  model  to 
evolve  an  optimal  reducing  diet,  lie  decided  that  an  ideal  criterion  would  be 
"  to  get  the.  most  volume  within  the  constraints  of  the  necessary  nutrients  and 
calorics  Well,  he  put  Ins  model  on  the  machine,  ground  away,  and  came  up 
with  watermelon.  I  hat  showed  him  lie  had  better  consider  dried  weight  to 
exclude  water.  When  this  was  done  he  came  up  with  bouillon  rubes,  which 
consist  hugely  of  salt.  Since  this  would  not  be  very  palatable  and  might  be 
injiuious  to  health,  he  made  still  another  choice,  and  cool  inning  in  tiiis  way. 
he  f  inn  I  ly  evolved  a  satisfactory  rule  ol  choice. 

I  lie  problem  itscll  does  not'  remain  static.  Interplay  between  a  glowing 
t.mdei standing  of  the  problem  and  ot.  possible  developments  isill  icuehiie  the 
pi  olden  i  itself.  Primarily,  us  the  result  at  discussion,  the  original  eilort  to  state 
the  problem  could  '  viggesl  one  or  more  possible  solutions  or  hypotheses.  As 
the  study  progresses,  these  original  ideas  are  cii.ncheij  anil  elaborated  upon, 
lacli  hypothesis  serves  as  a  guide  to  later  results-  'it  icllji  us  what  we  are  looking 
for  while  we  are  looking.  The  final  statement  ot  the  conclusions  and  recommen¬ 
dations  usually  rests  on  a  knowledge  of  facts  about  thtj  problem  which  are  not 
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■  hi};,  X.l  Activities  in  analysis 

known  U)  the  analyst  at  the  start  l;rei|iicnfly.  a  hypothesis  must  be  discarded 
and  an  entirely  new  one  considered  In  the  early  tinges  it  is  not  a  mistake  to 
hold  an  idea  its  to  the  solution;  the  pillall  is  to  leftist'  to  abandon  such  an  idea 
in  the,  face  of  mounting  evidence. 

The  process  of  analysis  is  thus  an  itvrnlivr  one  a  eve le  of  problem  formula 
lion,  selection  of  objectives,  design  ol  alternative  systems,  data  collection,  model 
building,  a  weighing  ol  costs  against  effectiveness,  the  .jUcslmniw;  of  avsnmp 
(ions  and  objectives,  the  opening  ol  new  alftinuti ves,  refot initiation  tic. 
f  igure  X.l  attempts  h;  the  iterative  character  ol  systems  analysis.  ’I  he 

various  stages  are  ordeted  only  with  respect  to  a  single  cycle;  the  approximate 
solution  we  obtain  at  the  end  oi  the  iitst  cycle  helps  us  to  better  prepare  a 
second  formulation.  I  bus,  in  a  sense,  it  is  impossible  to  formulate  a  problem 
completely  before  it  is  solved,  or,  in  other  words,  the  iinal  problem  statement 
may  have  to  he  written  simultaneously  with  the  final  answer 
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In  the  problem  of  el  loosing  objective:..  t!ic  iterative  character  ij|l  systems 
analysis  stands  out.  It  is  impossible  to  select  satisfactory  objectives  without 
some  idea  of  the  cost  and  difficulty  of  attaining  them.  Sue  It  information  can 
only  come  as  pait  ol  the  analysis  itself.  • 

It  is  a  common  error  to  believe  that  goals  .jdioukl,  and  can.  be  set  inde¬ 
pendently  of  the  plans" to  attain  them.  Vet  therejis  overwhelming  evidence  that 
ultimate  objectives-  are.  more  often  than  not.  the  result  of  opportunities  that 
possible  alternatives  oiler  lather  than  a  source  of  such  alternatives.  The  point 
ts  dun  only  pail  til  die  cuiiscLpicuyes  ul  slilfcicnt  goals  can  bo  anticipated 
without  analysis. 

Military  analysis  must  lrequenllv  be  undertaken  with  only  partial  inlomudion 
about  !he  objectives,  -criteria,  ami  preferences  at  higher  levels.  Al  the  highest 
level,  official  suiteinents  of  national  objectives  are  likely  to  be  either  nonexistent 
or  so  vague  that  they  are.  not  very  helpful.  'Ibis  is  a  situation  that  gives  rise  to 
“suboptimization'’  — tliul  is,  the  selection  of  intermediate  ohjeelives  and  criteria 
for  the  piol'ICttl  that  are  consistent  \vil).i  and  that  approximate  in  some  sense  ni 
other  those  at  the.  higher  level.  (Jiveii  limitations  on  lime  and  manpower,  a 
suboptimization  may  be  the  only  leasibie  uppioach.  Tot  example,  a  lecomuieii- 
dation  to  choose  a  particular  defense  weapon  system  may  be  made  on  I  be  basis 
of  its  capability  to  intercept  and  destroy  enunv  missiles;  this  muv  he  a  substitute- 
lor  the  broader  objective  of  minimizing  the  number  of  nuclear  weapons 
detonating  on  om  ten  ilory.  Wlielliei  01  not  this  is  a  good  wav  to  ensure  that  the 
analysis  pursues  the  higher  objective  ol  limiting  damage  to  population  and 
pi  opart  y  if  war  should  come  must  itself  be  the  subject  ol  analysis. 

Although  many  of  the  most  valuable  systems  analyses  have  been  suhoptinu 
/atinns,  sul'opliini/.nl ion  may  not  be  good  enough  and  may  not  be  the  hesi 
that  can  be  dour.  Analysis  can  sometimes  eliminate.  Uncovci,  and  leconcilt: 
objectives.  '  ' 

There  is.  frequently  more  than  one  objective  t.u  a  system;  for  example  "In 
make  war  unlikely  and,  in  the  event  wa>  does  break  out.  to  limil  the  damage 
1o  on i selves  and  to  achieve  favombli;  military  outcome  and  political  settle- 
ineiit”.  To  choose  a  system  <>111  needs  io  find  some  method  of  weighing 
competing  objectives  I  iow  can  we -decide  on  a  single  j ilip.-aji i‘V<-"'  I  or  one  iiiiue. 
we  can  examine  each  objective  to  see  :!  11  is  impoilanf  only  as  a  means  to 
anotfiei  objective:;  il  it  is.  then  we  can  eliminate' it  I  or  another.  \\'c  ear  examine 
■  each'  alternative  to  see  if  the  attainment  of  any  of  the  objectives  would  be 
unatleeled  by  a  chon  e  among  the  .die) 'natives.  Annin,  il  il  is.  We  can  •  liimiiale  it 
One  technique  ,to  unenvei  objectives  max  be  m  eouiioiu  the  man  who  must 
net  ore  the  basis  of  the  analysis  with  a  list  ut  alternative;.  and  ask  him  if  he 
xvoiiio  he  wining  to  loUovy  the  com  sc  *>1  action  implied  bv  each  (.1*  the  alter¬ 
natives,  were  the  analysis  to  indicate  it  as  optimal. 

I!  objectives  compete,  that  is,  if  people  disagree  on  objectives  or  if  an 


I  (.0 


iMr.Nis  and  aMi  riions 


ju.  8 


individual  cannot  determine  what  his  objectives  are  -  one  can  try  to  find  still 
higher  objectives  on  which  there  is  agreement.  It  then  may  be  possible  either  , 
to  carry  out  the  analysis  with  the  higher  level  objectives  or,  by  examination  of 
the  original  objectives  for  consistency  with  the  one  agreed  on,  to  make,  a  choice. 
One  thing  we  cannot  do  is  construct  from  all  the  individual  objectives  some 
group  objective  by  appropriately  weighing  all  separate  ones;  this  is  n  practical 
absurdity  and  it  has  been  theoretically  demonstrated  that  there  is  no  unique  and 
satisfying  wav  to  do  it.  If,  in  the  end,  all  attempts  to  reduce  objectives  fail,  il 
may  be  helpful  to  carry  out  Ihe  analysis  tor  each  objective. 

A  characteristic  of  systems  analysis  is  that  the  solutions  are  often  found  in  a 
set  of  compromises  which  seek  to  balance  and,  where  possible,  to  reconcile 
conflicting  objectives  and  questions  of  value.  It  is  more  important  to  choose 
the  “right”  objective  than  it  is  to  make  the  "right”  choice  between  alternatives. 
•The  wrong  objective  means  that  the  wrong  problem  is  being  solved.  The  choice 
of  the  wrong  alternative  may  merely  mean  lhal  something  less  than  the-' “best" 
system  is  being  chosen.  Frequently  wc  must  be  satisfied  wifh  merely  a' demon¬ 
stration  that  a  suggested  action  is  "in  the  right  direction”,  anyway.  This  may  be. 
all  that,  is  possible. 

To  chouse  among  alternatives,  we  must  .do  more  than'  determine  which 
alternatives  can  attain  a  desired  objective.  Some  criterion  01  lest  of  pieferred- 
ik  --  mus!  be'emplowd-  rule  to  soUv!  for  us  the  alternative  (or  alternatives') 

..that  \  ieids  the  objectives  lor  the  least  expenditure  of  osls  or  resources7., 

two  rules  lor  guidance  in  choosing  a  criterion,  originally  slated  by  0.  T 
Hitch*,  are 


1.  A  criterion  used  in  a- lower  level  pioblem  should  be  consistent  with  that 
appropriate  to  the  next  higher  level. 

2.  A  criterion  should  riot  have  to  he  repeatedly  hedged  hy  constraints  |.o 
prevent  it  from  giving  absurd  results. 

As  an  example  to  illustrate  the  first  rule,  in  detn  mining  a  parking  lot  policy 
If  *  i  ,m  amusement.' park,  the  policy  at  the  level  of  the  people  running  the  lot 
might  be  that  ut  maximizing  net  revenues 'from  parking.  But  this  may  well  he 
iliHerent  lrom  die  policy  ol  the  people  running  the  pat k  whose  suite! ion  .might 
be  to  nuixiiiii/e  the  net  revenues  liom  the  amusement  park  as  a  whole.  In 
considering  parking,  lot  revenues,  lack  of  parking  for  a  few  people,  who  then  go 
■;  ij 

j.  7  See,  in  addition  to  Chapter  5.  (  .  I.  Hitch  ami  R,  N.  McKean,  The.  hi  o  ii.i/iio 
’b /  Defense  in  the  Nuclear  -tpe,  Harvard  University  Press.  (  ambiidt'e,  Mass,  PlfiU: 
and  Hitch,  ‘ITbnoiaics  and  Military  Operations  Research",  Review  of  Economics 
and  Statistics ,  vol.  XI.,  no.  3,  August  1958,  p.p,  I U'.i  ’i)l 2i 

*  “Comments  hy  <\  ,f.  Hitch”,  Operations  Research,  voi.  4,  no,  4,  August  1106, 
p.  427.  llis  statement  is  paraphrased  here. 
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elsewhere,  mighi  lead  to  considerable  savings  in  land  costs  tor  parking  and  m 
salary  for  attendants,  and  thus  in  greater  revenue  for  the  lot.  Put  the  loss  ol 
good  will  might  result  in  considerable  loss  of  revenue  for  the  park  as  a  whole. 
A  policy  more  consistent,  with  the  higher  level,  and  thus  a  better  policy  for  the 
lot,  might  simply  he  to  provide  parking  for  all  who  come  or  even  to  provide" 
th.is  parking  free  of  charge. 

■We  cannot  know  a  priori,  however,  that  income  from  a  parking  lot  shcytld 
he  small  relative  to  income  from  the  facility  it  serves.  Whenever  there  is  little 
opportunity  of  visiting  the  facility  except  by  private  car,  the  possibility  of 
disguising  a  significant  general  admission  charge  as  a  parking  charge  may  fperit 
serious  consideration.  .'i 

As  an  example  to  illustrate  the  second  rule,  we  can  take  any  “ratio”  criterion 
where  a  constraint  must  be  imposed  to  keep  the  denominator  away  from  zero. 
Cost  must  he  treated  as  a  major  element: 

f  urther inore,  there,  has  long  been  a  tendency  in  the  Defense  Department  to 
state  mlliilary  requirements  in  absolute  terms  without  reference  to  their  costs. 
But  the  miiiiaiy  eftecliveness  ar  military  worth  of  any  given  weapon  system 
cannot  logically  he  considered  in  isolation.  It  must  be  considered  in  relation 
to  its  cost  and  in  a  world  in  which  resources  are  limited,  1u  the  alternative 
uses  to  which  icsoiirees  can  be  put.  Military  rcquiicmcnts  arc  meaningful 
only  in  terms  of  benefits  to  be  gained  in  relation  to  their  cost.  '1  bus.  resotnec 
costs  and  military  worth  have  to  be  scrutinized  together1*. 

the  costs  to  he  considered  in  choosing  among  alternatives,  moreover,  should 
he  the  ‘‘new”  costs,  that  is,  the  net  additional  resource  drain  01  “iiKninenl'fil 
cost"  that  would  he  incurred  because  of  the  choice  of«i.  particular  alternative. 

,  Because  a  certain  system  may  inherit  facilities,  personnel,  or  equipment  from 
previous  systems,  its  incremental  costs  may  lie  much  lower  than  what  it  would 
cost  if  it  were  to  exist  “in  isolation".  Also,  in  a  comparison  of  military  capa¬ 
bilities,. costs  have  sometimes  been  computed  on  the  basis  of  what  the  various 
systems  would  cost  independent  of  the  existence  of  other  systems  or  other 
capabilities.  In  this  light  consider,  for  exanjiple,  a  Navy  supcrcarricr.  In  a  paper 
comparison  to  estimate  its  value  in  a  limited-war  role,  if  no  credit  were  assigned 
to  its  cential  war  capabilities,  then  on  a  cosi-dfectiveness  basis  it  Vvoukt  he 
handicapped  unfuii ly  in  comparison  with  a  weapon  system,  that  hftd  only  a 

,i 

Single  role.  ‘  ?  ;■ 

(neat  attention  must.be  paiil  to  initial  conditions;  that  is,  to  the  assumption:; 
that  limit  the  problem  and  set  the  background  against  which  the  initial  attempt 
i  at  a  solution  is  to  ho  made.  T  he-  situation  is  nta  like  that  e,f  an  empirical  science, 

'■>  Charles  I.  Hitch,' Assistant  Secretary  ol  .'Dele use  H  ompti ollci  i.  I  estinmny  in. 
Systems  Development  and  Management  Wan  ?),  Healings  before  a  Subcommittee 
of  the.  Committee  on  Government  Operations,  House  of  Repiesenlati'  es,  X7th 
Congress,  2nd  Session,  US.  Government  Printing  Office.,  Washington,  PJ.C., 
p.  515.  . 
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u'hii  h  stal  ls  with  observed  iacts.  hut  mole  like  tisat  of  uunhemnile-,,  v,  here  the 
tesults  Sake  an\  "validity"  they  might  have  Uv  the  real  work!  from ..the  initial 
assumptions.  The  diUVrence  is  that  tor  the  systems  attahsis  to  give  collect 
guidance,  it  is  impoitnni  that  the  assumptions  he  the  'Tiglil”  assumptions. 

i’veii  lor  small  settle  problems,  the  number  of  factors  muler  cousiheraf  ion  at 
any  one  time  must  he  reduced  until  what  is  left  is  manageable,  in  systems 
analysis,  the  complexity  of  the  "full''  problem  frequently  far  outiljms  anulMie 
eompelence  lo  consider  in  detail  anything  like  tin-  complete  rangijj  of  possible 
alternative  sululions  max  he  impossible.  Ihe  \asl  nituoritv  \s  i  1 1  oh\  iotislx  he 
inferioi.  hence  there  is,  no  harm  m  leaving  them  out.  I  he  dnngei  is  that  some 
alternative  'better  than  that  uncovered  h\  the  analysis  will  also  base  heeu  lull 
nut.  ( 'oust raints  must  hi-  imposed  oil.  the  numhei  of  alternatives  to  he  examined. 
Hut  by  preliminary  analysis,  not  hv  arbitrary. decree.  Such  constraints  must  he 
regarded  as  flexible  so  (hat  they  may  he  weakened  or  removed  il  it  appears  in 
..later  cycles  dint  their  piesence  is  a  controlling  factor. 

Sometimes  problems  can  he  reduced- hv  factoring  out  uihprohlcms.  I  bis  can 
he  done  when  a  group  of  vmiahlex  having  lelalivelv  little  inierdepeinienee  wilh 
the  oilier  variables  can  he  healed  sepmateh. 

Oncc'lhe  problem  has  been  broken  down  !nti>  its  eornponenls  which  is  what 
analyzing  the  problem  means— some  of  the  components  van ’he  further  analx/cd. 

arti.  ■.a..oiiS  leclmiques;  hut  olheis  may  defy  aualyiic  techniques  In  that  ease 
because,  I  lie  piohlem  has  been  broken  into  smaller  pieces,  the  systems  analyst 
may  he  able  lo  find  individuals  who  have  dilev.  sound  cxpciicuvi-  and  on 
whose  "considered'  iildgmcnt  lie  sail  rely 

Considered  judgment  •  I  dl- •>  s.  ti  mu  oidmaiy  or  intuitive,  lodgment  m  I  ha  I  the 
logic  behind  the  opinion  is  made  explicit  both  aie  based  on  an  individual's 
experience  and  background,  bill  whcli  th>.  reasoning  is  explicit.  all  wbscivcr  can 
Jo.nn  i i is  own  opinion  oom  die  iiiioi  mation  pieseuied.  Judgment  .permeates 
systems  analysis  judgments  as  lo  winch  l,\ poih.-vj,  a  hott,.,-  ih-,,.  a  oof  her.  dr 
svilieh  approach  is  more  fruillul.  or  w'hgl  fuels  are  relevant,  I  In.  idea!  is  10  keep 
till  judgments  in  plain  vie".'. 

Our  nii'lhodok. wical  a , peel  ol  opciahuijs  research,  ihc  reliance  on  expert 
judgment,  lias  received  little:  atleiition1".  Only  hv  replacing  Ihc  .stn/epiiiious 
Use  ol  expel  I  isc  by  (..splieil  and  svsleiiitilie  ajiplkalioii  ot  iojean  olijecIixil\  he 
safeguarded. 

1"  I  xcepl  hv  that  .Helium.  I  01  :  n  1. 1 ;  I  roi  i :  ■  I  nil,,]  nuih,  ,n.  Melnui  / 

V  i  ( -:■<  i  ■/  1  J  itil-'/ti*  f;i  in  C/',  a,  \  /  w  ,,,,,,/V  i  in.  ho.i>  !  in  |  >«  >i .  i  j  o  >1 1 

I’  ’7 Us  S 'plemhi a  l‘UVh  Ih  liner  t.ud  Nicholas  Ke-.slioj.  "On  the  I  pi  leniolocs  ,,l 
die  hicx.iLi  Sciences  .  !U  SriV/ier.  \ul.  iio.;d.  (hlnhcl  iS'V.  pj,  ■  ■  ’ 

N.  Oalkev  and  llelmei.  "Am  I xpcrimi-iilnl  Applii  aljon  ol  tie-  Delphi  Mrlluul 
to  I  Ik1  t  Isc  nf  I  .spelts'  .  ,1  ,‘I Sf-I ;  /  ,S  e/e/ire.  vol.  S',  nn  >.  ,\|ui!  i'tnt.  j,;,  I '-,7  }fi7. 
i  Ihe  discussion  on  Ihc  use  ol  cspcils  picsculcd  in  bus  chapiei  i.  h.isci!  oil  llclnicl  -. 
paper  I 
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IKuatlv  two  or  maro  exports  ate  available.  When  they  dillor.  ’here  are  several 
ways  iu  trv  to  bring  them  logelhei.  Using  ’lie  consensus  anproaeii  the.  can 
work  individually  and  then  seek  methods  for  Ihediest  eomhirted  use  ol  their 
findings;  or  ihcv  enn  wuik  jointly  in  a  groiJp  exercise  ranging  liom  simple 
round-table  discussions  to 'reacting  through  a  sophistiealeil  simulation  model  " 
to  obtain  expert  judgments  trotn.  the  group  as  a  whole.  Operational  gaming,  or 
simulation  involving  role-playing  hv  the  participating  experts,  is  - pai t icuhirlv 
promising  when  it  is.desirahle  to  employ  sevetai  experts  with  varying  specialities 
in  a  context  in  which  their  forecasts  cannot  be  independent  but  are  likeb  to 
inieraet.  Here  the  game  sii'tietuie  or  model  lurmshes  lite  expeiis  with  an 
artificial.  simttlaled  environment  \\  ithin  wlueli  they  can  jointiv  and '"simul¬ 
taneously.  c\pei intent.'  acquiring  -through  feedback  the  insights  necessary  to 
make  successful  pi edictio.ns  within  the  model  environment  and  thus  indireelK 
ahotit  the  real  world. 

Another  method,  tailing  somewheie  between  individual  and  group  action,  is 
the  so-ealled.-.Delplii  technique.  It  needs  Iditlu  i'  development  and  testing  but  is 
regarded  Iw  this  author  a>  verv  promising.  It  lues  to  improve  t!ie  basic  consensus  . 
method  by  subjecting  the  experts'  views. to  cadi  other’s  yiticism  witfihut  actual; 
coni i nutation  ami  all  its  psychological  shortcomings  (such  as  specious  persua¬ 
sion.  an  unwillingness  to.  abandon  publicly  expressed  opinions,  and  the  band¬ 
wagon  effect  of  the  majority!  the  Dcipiu  iei  niet.pi<  tM-!.lccr  direct  jhbkl.:  by 
:>  eaiefidb.  designed  piogram  ol  seinienlial  individual  interrogations  (best 
conducted  In  queslionnniies)  inlri  spci  sed  with  infoi  mat  ion  and  opinion  feed 
back  dei  ived  b.v  computed  •■ousensus  imiii  the  earlier  pails  u:  the  program. 
Some  of  [he  questions  directed  io  the  icspoudcnts  mas.  lor  int.laiiee,  inquire 
into'  the  "reasons"  n.>r  previously  expressed  opinions,  and  a  collection  of  such 
masons  mav  Llieti  be  piesenled  to  each  le.apondenl.  togeitiei  ss i i h  an  invitation 
to  reconsider  and  possibly  revise  bis  earlier  estimates. 

Systems  aiialvsis.  as  the  name  suggests,  must  be  systems  oriented.  It  is 
important  to  iccogm/e  that  anything  going  on  hi  one  part,  of  an  activity', 
01  gani/.'i! ion.  01  weapon  system  wit!  iikely  alb'ct  what  goes  on  in  every  other 
pail  I  lie  natural  inclination  might  be  to  tacfoi  out  palp,  ot  the  ptoblem  and 
nnalvi.'e  each  sepat alelv.  neglecting,  their  iniei actu ms.  However,  the  aim  ol 
analysis  is  to  extend  the  boundaries  oi  the  system  as  bn  as  lequnvd.  dew  inline 
v.  I  iich  in  lei  dependence1,  are  si  enilic.mt ,  and  then  e  vain  ale.  their  dom  limed  impact. 

!  or  this  f'err-ond  and  because  the  r-ontexl  is  iiatuialb  hioad  anueu.  ss  .teius 
anti'll' -sis'll!-. nails'  calls  lm  an  lnleidiscipliiiai  s  team  consisting 'ol  persons  ssnli  a 
sai  lets  i->  i  skills,  (his  is  'uni  requited  merely  because  mans  (actors  and  aspects 
US'  invo{\ed.  I  veil  tuple  important  i-e  that  a  problem  looks  dillerenl  lo  an 
ecsniomist .  to  a  inallu'ii'iaUciaii.  mid  to  an  engineci.  and  dillerenl  way.  .1! 
looking  at  a  problem  aie  important  in  finding 'a  solution. 

I  incei  lands  in  long  lange  imiitaiy  planning  problems  being  as  gieat  as  it  is. 
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it  is  well-  particularly  curly  in  the  study  not  to  attach  much  significance  to 
small  difTeicnccs  nt  cost  and  effectiveness  of  alternative  systems.  Specifically,  it 
is  iirjportanl  to  look  far  dilTerenccs  tha' shave  a  chance  of  surviving  any  likely 
resolution  of  the  uncertainties.  Rather  than  ask  precisely  how  much  better  one 
alternative  is  than  the -others,  the  question  to  address  is  which  alternatives  have 
a  clear, advantage  or  even,  iniiiully,  which  will  move  us  forward. 


Search ! 

This  phase  is  concerned  with  finding  the  facts,  or  evidence,  on  which  the 
analysis  is  based.  5t  Ls  necessary  to  look  for  ideas  (arid  evidence  to’  support 
them),  including  the  invention  of  new  alternatives," as  w'esll  as  to  look  for  facts. 
Unless  we  have  alternatives 'and  ideas  about  them,  there-  is  nothing  to  analyze 
or  to  choose  between.  If  in. the  end  we  are  to  designate  a  preferred  course  of 
action,  we  must  have  discovered  earlier  that  such  a  course  exists.  In  long-range 
problems,  the  total  number  of  alternatives  may  he  endless,  and  we  must  use 
judgment  io  cliiiiinate  tlnjjse  that  are  unreasonable. 

Many  facts  are  hard  jto  come  bv.  The  actual  operational  performance  ol 
.future  weapons  in  combat  cannoi  lie  predicted  with  any  degree  of  certainty. 
Purely  theoretical  studied  or  operations  research  of  weapon  characteristics  must 
he  depended  upon,  in  systems  analysis,  us  contrasted  with  most  other  forms  of 
engineering,  a  great  .many  more  inputs  depend  on  judgment  than. on  measure¬ 
ment'  or  engineering  analysis.  . 

for  many  problems  it  is  the  availability  ol  the  tacts  which  makes  a  solution 
possible.  Consider,  for  example,  the  flyaway  kit  problem  we  mentioned  earlier. 
The  computation  per  sc  of  the  optimum  kit  according  hi  some  standard  of 
performance,  measured  in  term*  o!  the  expected  ioss  in  combat  effectiveness 
attributable  to  kit  shortages  during  the  support  period,  is  a  relatively  trivial 
problem.  Surprisingly  enough,  the  difficulty  comes  in  getting  the  input  data. 
This  may  involve  such  a  seemingly  easy  hem  as  getting  a  complete  list  ol  spare 
parts,  as  well  as  such  an  acknowledgedly  difficult  one  as  getting  life  data  that 
tell,  how  frequently  paiiicmar  spares  are  needed. 

Indeed,  even  il  the  analysis  is,  never  completed,  the  collection  of  facts  and 
tneir  orderly  presentation  in  tables  and  graphs  can  sometimes  make  the 
solution  obvious. 

It  is  sometimes  said  dial  when  all  the  fads  are  known,  the  problem  is  solved. 
This  may  be  true  in  a  philosophical  sense,  but  in  a  practical  sense  the  real 
woik  may  have  only  begun. 

In  practical  problems  for  systems  analysis,  however,  all  the  facts  ate  never 
known,  fair  example  to  recommend  u  preferred  interceptor  combat  radius,  it  is 
necessary  to  study  interceptor  performance  characteristics,  radar  coverage 
requirements,  effectiveness,  and  costas  junctions  of  combat  radius.  I  his  involves 
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a  study  of  the  possible' target  systems  the  enemy  might  select  ami  the  pattern 
of  enemy  attacks:  Such  tilings  as-  radar,  costs,  proper  deployment,  interceptor  . 
armament,  attrition,  and  the  effect  of  other  weapons  must  then  be  considered.  ‘ 
When  should  an  inquiry  stop?  It  is  important  to  remember  that  in  this  sort 
of  a  problem,  inquiry  is  rarely  exhaustive.  Inquiries  are  partial,  and  the  decision¬ 
maker  must  get  along  without  the  full  advantage  of  all  the  potentiality  of 
operations  research  and  the  scientific  approach.  Inquiries  cost  money  and  time; 
they  cost  in  whatever  values  are  concerned.  They  can  cost  lives;  they  can  cost 
national  security,  it  might  he  interesting  to  know  what  the  Russians  could  do  if 
we  dropped  air  armed  Atlas  on  Moscow.  It 'might  he  aji  erisy  observation  to 
make,  hut  some,  of  the  costs  seem  to  prohibit  this  type  of  investigation.  One 
should  ngve;  fall  into  the  error  of  feeling  that  inquiry  is  free  of  cost.  There  are 
many  contexts  in  which  we  can  ignore  the  cost  of  inquiry;  hut  paradoxes  arise 
if  wc  allow  ourselves  to  forget  that  almost  ah  inquiries  must  stop  far,  far  short  ■ 
of  completion  either  fot  lack  of  funds,  of  time,  or  of  justification  /or  spending 
further  funds  or  time  on  them.  |t  is  out  of  the  question  to  collect  all  the 
information  that  is  required  for  exhaustive  analysis,  and  it  is  out  of  the  question 
to  process  it. 

As  all  analogy,  consider  the  example  of  a  physician  who  uses  a-  clinical 
laboratory  to  help  him  decide  whether  or  not  his  patient  has  one  of. several 
ailments  that  have  many  similar  symptoms,  liven  when  all  the  reports  are  in, 
ihc  doctor's  inquiry  may  not  he  eomjilrle.  lie  could  probably  do  a  lot  more 
lahoialory  analysis  01  call  in  a  specialist  for  consultation,  if  tta-  problem  is 
simply  one  of  diagnosis,  one  of  the  best  pioeedures  might  he  U>  slaughter  the 
patient  and  perform  :>  thorough  autopsy.  I  lie  cost  here  is  prohibitive,  not  only, 
by  the  standards  of  modern  society  hut  simply  hv  the  fact  that  the  physician's 
goal  is  to  help  the  patient  live  a  longer  and  fuller  life.  Me  would  only  frustrate 
himself  if  he  bought  knowledge  at  the  price  of  the  life  he  was  trying,  to  guard  >>. 

l.xplcnutlion 


After  obtaining  some  idea  of  what  the  lads  and  allernative;ii  are,  it  is  necessary 
to  build  !  'sonic  way  to  explain  them  and  to  determine  their  implications. 

in  ordei  to  make  much  progiess  with  rea,l -world  problems,  we  must,  ignore 
3  great  many  of  the  actual  features  of  a  question  under  study  and  abstract  from 
the  Veal  situation  certain  aspects— hopefully,  the  relevant,  ones — and  their 
interaction,  which  together  make-up  an  idealized  version  of  the  real  situation. 
'I  his  idealization  we  call  a  'model  ’.  . 


'  it  This  is  not  to  say  he  might  not  risk  life  in  trying  to  guard  it;  he  might  "order 
such  tests  as  a  spina)  puncture  or  a  liver  puncture,  or  other  inherently  dangerous 
procedures.  Many  diagnostic  procedures  are  dangerous  and  aie  used  when  the 
dancer  is  justified,  but  a  doctor  will  nol  make  a  complete  sacrifice  of  what  he  is 
trying  to  protect. 

i'. 

SI 
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In  the  general  process  ot  tornmlaling  a  problem  and  gathering  daia  about  ii. 
the  analyst  will  have  developed  some  ideas  of  what  the  major  influencing  factors 
are,  that  is,  the  factors  which  provide  discrimination -with  respect  to  the  possible 
courses  of  action,  lo  produce  quantitative  results,  it  is  necessary  to  assign  a\ 
scale  of  measurement  to  each  factor  and  to  s'pow  its -dependence  on  certain', 
parameters.  Next,  the  interaction  of  the  factors  must  be  described.  Then  we 
have  a  model.  In  other  words,  isol  dine,  those  factors  pertinent  to  the  problem 
or  the  decision  at  hand,  abstracting  them,  assigning  a  scale  ol  measurement, 
and  then  describing  their  interactions  build  the  model.  " 

The  difficulty  in  model  building  is  that  we  do  not  know  at  thc  slart  what  is 
superfluous  and  wlial  is  relevant.  We  must  proceed  on  the  basis  ofexpericnctj 
and  trial  with  preliminary  models,  conducting  pencil  and  paper  expel  iiueiils  lo 
illuminate  our  preliminary  judgments.  Analysis,  being  iterative,  is  self  correct 
ing;  as  the  study  goes  on.  the  original model  is  .refilled  and  replaced  so  that 
behavior  of  tile  ^relationships  being  investigated  is  rejwsoiited  with  >.>!', ealer 
accuracy.  '  ,. 

!  or  most  phenomena,  there  :ue  many  possible  representations:  the  appropriate 
model  depends  as  much  on  ilic  minx  non  Iwiitx:  uskr.l  as  on  I  he  phenomena 
about  which  d  is  asked.  R.  !X  Specht  made  this  important  point  in  Chapter  I. 
A  town  can  he  rnodeleii  by  a  map  if  the  question  being  asked  is  how  m  walk 
from  A  to  It;  but  if  the  question  is  how  to  speed  up  ihc  llow  of  (rallic  between 
the  s-une  two  poiiiis  ,  much  mole  elahoiale  model  ni.iv  l>e  needed  I  here  a.i'c 
bins  no  'universal  'models  licit  is.  sav,  no  one  model  licit  can  handle  ail 
questions  about  a  giver,  activity. 

Sometimes  representation  hv  the  model  is  mailiemaiieal.  I>s  means  o1  a  series 
ol  culialibns  At  othe;  times,  particularly  where  detailed  spet  ilie.dion  of  the 
reiiitiionsh'ins  .ibetwecn  factors  is  exit  cinch  dillicult  for  example,  in  studying 
the  behavior  ol  human  organizations  the  representation  may  be  by  simulation 
or  hv  a  wtu  game.  3 

In  operations  seseareli  parlance,  Hv  lei  in  simulation  is  applied  lo  the  pruc  -ss 
ol  representing.  wilhou!  using  torm.il  aiiahtic  leeliuiqiles.  the  essential  teatu.es 
of  a  system  or  organr/.ition  and  .inale/iue  il  .  behavior  hv  updating  with  the 
1  epi'eseiitld’oii.  Simulation  is  a  luoudh  inclusive  word  1 1  se< I  In  de-.si'ihc  various 
physical  or  analogue  devices,  such  as  a  !  ink  li.imei,  or  ,1  computer  program 
which  traces  a  slialegic  campaigir  tin  ouch  Monte  (  ;u  lo  ope'alions  in  a  group 
of  people  or  machines  acting  as  it  ihcv  Weie  an.  ail  deb,', use  c'uiiliul  ceut.ei. 

II  working  with  j.lic  representation  or  model  has  some  of  Hie  aspects  of 
placing  a  game,  particularly  it  human  plaveis  are  involved,  the  simulation  is 
called  a  game.  A  gaming  mode!  cannot  he  e>.pee(ed  to  tell  us  wind  an  optimal 
response  lo  an  uncertain  state  of  allairs  might  he.  hut  if  can  do  much  lo  make 
the  players  awaie  of  such  uncertainties'  and  of  the  necessity  ot  formulating  their 
plans  in  such  a  wav  as  to  cope  with  all  loriSseeable  contingencies.  Indeed,  an- 
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important  asset  In  ail  systems  analysis  . is  the  spirit  ol  gaming.  I  Ins  consists  in 
explicitly  I  ooknig  at  possible  mini's  ami  countermoves.  in  examining  am! 
ilesigning  a  wide  range  ol  alternatives.  and  in  looking  for  substitution  possi 
hilities  all  against  a  hostile  opponent. 

Simulation,  although  rehisivvlv  new  m  wide -scale  applications,  is  an  Established 
operations  rcseai eh  technique,' which  uses  quasi-experimentation  in  an  artificial 
environment  lor  actual  expel  niicul  in  the  real  vvorlil.  Us  outstanding  v  irtue  is 
thai  n  can  he  used  to  tackle  seeming's  imruanageahlc  or  previously  untouched 
jnohlcms  where,  a  traditional  analytic  loruml.ition  appears  infeasible.  It  is 
ordinarily  an  mellicieut  technique.  however,  to-  use  -  in  dctci  mining  a  sharp 
result,  and  it  yields  only  a  quasi  cnipiiieal  lonii  ol  knowledge.  inferior  to  the 
hmclional  relationshios  Imili  up  through  ihc  moie  traditional  annroaiih  ot 

i  i. 

using  an  analytic  model  Simulation  is  a  ileviee  appis  >pi  iate.  l.o  use  hi- fore  one 
has  an  adequate  theory,  loir  it  provides  a  means  louse  (lie ’intuition  and '!tdvi{ic 
id  expel ts  in  a  systematic  fashion  and  a  way  to  go  ahoiit  Iruildiny  an  analytic 
model  hy  approximating  I  he  behavior  ol  the-  random  numbers,  or  physical 
counters,  or  human  players  with  mathematical  expressions. 

I  lie  'primary  function  ol  a  model  is  rxplanaloi  \ "  lathe;  Hi;m  di-xrripiive. 

I  lequenlly  il  is  not  used  to  guide  compulation  hut  sole!',  to  oignni/c  om 

thinking. 

II  should  he.  emphasized  that,  in  many  important  systems  analvses,  no  need 

aiisi".  to  bmlil  loimal  models  explieitlv.  When  i-  h  ea-.es  mini.  1  hi  -  .malvsi-. 
line,  he  exli  anrilinni  Hy  r-l lee liv e  sun  i  il  i  an  In-  eoinplelelv  i null  i  sli .oil  hy  the 
policy  maker.  I  he  OsSenee  ot  s\  stems  analysis  is  not  inalhenialie.il  techniques  or 
pr  oeebuivs.  A  computing  machine  01  a  technique  such  as  I  men:  pi  ogi  amining 
may  01  mav  not  he  nseiiii.  depending  on  llie  problem  and  the  extent"  oi  our 
mtor Wiition.  the  essential  thing  js  a  listing  ol  the  altei  natives  and  an  examina¬ 
tion  of  their  inudii  unions  and  costs  so  .that  they  can  he  compared.  What  we  sav 
ahm  it  models  inns  docs  Hot  have  much  significance  I  or  analyses  that  inquire  no 
mole  1 1 1 : 1 1 1  a  h  .iiug.  ol  allei  n,m  vfcs  and  then  implications,  hut  is  included  because 
many  dilliciili  piohlems  do  require  ihc  use  ol  well  defined  models  to  guide 
i  oinpulalipn  j 

I  he  widely  nsclu!  operation-,  irscaieh  techniques  !oi  optmiizalioii.  when  ilu-v 
an-  used  al  all  in  system',  analysis,  an-  Used  mncii  moie  extensively  in  lOinpnnrul 
studies  ilium  inev  aie  a!  the  hear!  oi  the  over  all  emblem  Mel  ore  anv  mathe¬ 
matical  technique  can  he  applied,  to  a  ra?al-woi!‘l  problem  we  must  constiuct 
a  quantitative  model  ol  die.  process^  involved.  Sills  model  expie' .'.es  llie 
ellccliveiicss'ioi  the  alternatives  under  examination  as  a  I  unction  oi  a  sei  nl 
variables)!  some  ut  which  are  uiulei  control.  Once  this  is  done,  a  solution  can  bo 
iileiei  mined  ■iijtlicmutieullv .  since  formal  slalements  ol  relationships  between 
the  variables  exist.  Ihc  solution  obtained  hVi'ni  such  a  'model  will  he  a  usable 
solution  !■-■  the  real-world  problem  il  and  only  il  llie  model  is  a  leasonahly 

a 
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areiirale  representation  of  the  real-world  .situation  with  respect  to  live  question 
at  issue.  In  situations  of  great  complexity,  such  as  those  associated  with  major  . 
military  decisions,  only  pieces  of  the  problem  can  be  represented  with  confl¬ 
uence.  The  submodels  for  these  pieces  or  components  can  frequently  be  put 
into  a  form  in  which,  they  can  he  handled  by  such  techniques  as  dynamic 
programming,  or  queuing  theory.  But  even  here,  the  new;  anti  more  advanced 
techniques,  while  they  are  useful  anp  promise  to  become  more  so.  are  seldom 
necessary  since — except  in  relatively  few  instances  -more  elementary  loo, Is  are 
Usually  adequate 

The  design  of  models  to  assist  in  the  decision •  process  is  in  large  measure  an" 

::  l  '•  ■  m  >p  ~ 

art.  Wide  experiences  and  the  eollaboi  ai-ioif  of  many  people  are  helpful,  but  it 
requires  selection  or  composition.  plus  instiihet  and, a  sense  of  form,  to  achieve 
acJcsired  effect. 

".  r  it 

Rules  tor  model  building , are  lew  m  nunibei  and  not  vetjy  helpful.  Tor 
example,  it  as  sometimes  suggested  thai  '  the  analyst  should  try  to  find  models 
which  explain  more  and  more  things  within  the  same  context1.  In  operations 
Wseaich  this  leads  to  (he  construction  of  overly  big  models  and  attention  to  the 
model  and  not  to  the  problem. 

in  hi; nan,.,  mode!  assumptions  are  fre, jucni.lv  made;,  in  order  to  handle 
something  that  is  trio  dillinril  to  investigate,  l  or  example, tin  the  missile  com¬ 
parison  of  Appendix  H,  the  model  was  built  up  step  by-step  by  a  process  of 
“simplification  by  assumption”.  Faeli  target,  for  instance,  wavlaken  to  be  like 
every  other  target.  Ill, is  meant  that  in  ihe  model  ihc  targets  (I)  were  of  equal 
value  to  the  offense.  (2)  icquiicd  the  saiiu  In, mb  yield  to  destroy,  ^^)  were  at 
the  same  range,  (4)  were  protected  by  the  same  defense,  and  (>)  were  isolated 
so  that  destruction  of  otic  slid  not  imply  destruction  of  another.  In  essence,  we,, 
made  use-' of  the  assumption,  tundatheniiil  to 'working  with  models  but  seldom 
stated,  that  by  studying  a  simplified  ..hypothetical  situation  wc  will  get  approxi¬ 
mately  the  same  answer  we  would  get  by  studying  the  most  jmhsiic  situation 
imaginable.  / 

All  of  the  assumptions  of  a  .model  must  he  made  explicit  II  (hcv  are  mot, 
this  is  a  deleqi.  A;  mark  ol  a  guild  systems  analyst  (di  any  wise  person  com 
municating  with  others)- is  that  he  state  the  basis  on  which  he  opeiatcs.  'I  his 
dues  mil  imply  necessai  ily  that  he  makes  better  assumpliuiis,  but  only  that  his 
errors  will  be  more  evident.  ,  ■ 

i  he  contrast  between  the  relative  amount  of  lime  usually  spent  on  designing 
a  model' and  that --spent  in  computing  its  consequences  can  give  bias  in  judging 
what  is  important.  The  design  of  the  model  and  the  tab  ly  fulness  With  which  it 
represents  those  aspects  of  the  phenomena  being  modeled  arc  sir,.,  .remit  for  the 
question,  under  considctation.  not  how  far  wc  push  the  computation,  ii 

The  military  analyst  does  not  have,  and  cannot  he  expected  to  have  the 
precise  and  flexible  means'  available  to  the  physical  ‘.scientist  toi  testing  his 
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iv, Ovids  cxpcrimentajh-.  He  usisnol,  tor  example.  e\|wimeiitxwith.an  achufl  “'ac. 

T1u>  host  he  can  djo^is  to  test  his  models  by-  ihcii  workabiiq Y.  l  or  example,  lie 
•  ‘1  '  .  "  , 
can  try  to  determine  answers  to  the  following  questions. 

I .  ('an  tire  model  describe  correctly  and  clearly  the  known  facts  and  situations  .' 

1.  When  the  principal  paraiheters  involved  arc  varied,  do  the  results  remain 
consistent  and  plausible':' 

C  an  it  handle  special  cases  in  winch  there  is  spree  indication  as  to  what  the 
a, .;h;.!'.Vd  be?  ■! 

1.  Can  it  Assign  causes -to  known  effects? 

Whether  or  hut  one  nmdei  is  better  titan  another  does  not  depend  on  its 
complexity,  realism,  or  computability  but  solely  on  whether  it  gives  hetlei 
predictions.  . 

"Working"  tljie  model,  hying  out  various  strategies  and  concepts  of  operation, 
is  the  closest  systems  analysis  conies  to  scientific  experimentation.  Deductions 
based  on  operating  with  the  model  frequently  suggest  nev\  direclk.uis  ol  client. 
That  is  to  say,  starling  with  the  relatively  few'  parameters  di.it  characleri/c  a 
system  in  terms  of  the  model,  it  is  sometimes  possible  to  show  that  changes  in' 
these  would  'improve  the  peilorniance  of  the  system  as  measured 'bv  the  model 
anil  then  to  suggest  corresponding  e'eing/s  that  could. made  m  the  real 
system  which  would  lead  to  improved  perloi  mynce  in  the  real  world.  In  . this 
Wav,  Working  the  modi’!  coni  ril'lln--,  to  s\si.clil  design. 

It  is  also  important  to  go  outside  the  model:  io  ontemplaie  i  lunges  dial 
Violate,  its  assumptions  and.  Ill  so  doing,  achieve  a  better  itHnic'. 

1  wo  aspect-.  ol  model  building  ale  particularly  h ‘>tihlo,l0na.;  quantification 
and  the  treatment  of  uncertainly. 

Some  vai  iahlc.it  are  clillicf.il  to  quantify,  cidwr  KVniise  they  ar.e  not  calculable, 
like  the  probability  of  war.  or  because  up  scale  ol  measurement  has  been'  Set 
up  like  the  effect  on  ;<\(o  sutidaiiu  oi  some  .uul.ilir.il  1:  ;;  ,.^ | i, .  1  la-,  leads 
either  io  then  neglect,  tor  they  tend  to  be  ignoied.  or  to  |jK-ji  recognition  nub. 
tlirough  a  qualitative  modification  ol  a  solution  reaelks.l.  hv-  manipulation  ol 
qilantifierl  vaiiables.  thus,  when  (he  ptoblcm  ol  wlial  nei.mi  io  r.-eommeiid  mi 
tile  basis  ol  the  soljliimi  I  rum  die  model  auses.  effect  ol  in.-  tp iii ntit at ivtr  vanahies 
is  built  in.  wii'.le  the  nonqiianlilalive  ones  may  be  easily  lost  in  the  welter  of 
qualitative  eomsidefations  that  must  lie  weighed. 

.One  argument  tor  the  omission  ol  a  parlieui.u  vaiiah.h.-  r.  that  the  solution 
of  the  problem  is  viitu.iHy  i  nsensi !  i  vc  io  ii.  I  he  I  act  lb,u  many  vanahies  fill 
into  this  category  makes  ana'.yds  possible.  It  the  lesults  were  in>t  insensitive  to 
all  but  a  relatively  small  munbei  ot  variables,  analysis  v,uuld  have  U>  yield 
'  completely  to  guesses  and  intuition.  1  useiisiiivity  can  occur  either  because 
factor  is  irrelevant  or  trivial  in  its  quantitative  effects  m  because  it  has  roughly 
the  same-  elleef  on  till  the  alternatives  under  considers  y  /„•  pi, ini  r.  ihnt 
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this  inxrn\ilivilv  -iintsi  ht*  Sometimes  logical  rccoimoilci  mg  is  mi! 

(icier nt ,  !>ii!  usually  analysis  is  inquired,  possibly  with  arbitral  v allies  assigned 
lii  laclors  we  are  unable  io  calculate. 

i!  noiK|iiaulitalive  variable-'  "are  not  to  he  neglected  without  mention  or 
dismissed  with  some  spurious  argument.  Mich  as  the  one  that  they  act  in 
opposite  direction  and  iieuirv  cancel  out  !  '.  then  how  a i c  t lies"  to  be  Mealed';' 
i  lie  usual  method  is  to  attempt  to  lake  them  into  account  through  modification 
ol  the  solution  rather  than  to  incorporate  them  into  the  model.  Hut  this  in 

ltvi'M  1  V"  :|  p:ir!  Iff  l!.!!'  ! lit ’!  !l« H  !  •'!  i  j  ■!:!!!!  l!  !i";  |  !l  i  >11  !  i  >!'  rlV  II  !  tl*r:  SI  i*  l!i;‘ 

solution  to  lake  i;ieeoun('  of  the  previously  omitted  variables,  '{lie  a'nalvst  is 
implicitly  valuing  ..them.  Since  we  ylwavs  have  some  insight  into  the  range  of 
tallies  that  a  I’aetor  might  lake,  we  can.  even  in  the  worst  eases,  assign  the 
factors  an  arbitrary  value  and  observe  the  client  on  the  solution.  It  seems  to  he 
an  empirical  fat-!  that  actions  taken  or,  polios  i|iiestionx  are  based  on  the 
available  immheis,  no  m. liter  how  lelevant  oi  sound  lliev  mas  he;  consequently , 
eveiv  cITnrl  should  he  made  to  quanlifv 

Most  aspects  ol  problems  ol  choice  in  national  security  rcqutic  numbers: 
others  do  not.  Hut  tlie  leal  issue  is  one  of  ckiritv  ol  understanding  a,inl  espies-  . 
' sion .  Numheis  aie  part  ol  oui  language.  When  a  quantitative  m.ituii  is  being 
discussed,  die  giealesl  il.nits  ol  thought  is  aeluesed  In  "using  numbers  instead 
ol  h\  asoidiug  them,  even  when  iineei  laiiilies  are  present.  Dills  m  lare  eases 
is  li  possible  l.i  make  a  eons  hieing  comparison  ul  alternatives  svilhoiu  a 
qu.iniil.iiive  analysis  ol  ih'-ielcvanl  number,. 

Ss  stems  analyse  ;s  concerned  with  piohlenn  ru  which!  tin  eSseire  is 
utivei  i.iintv  the  tiituie,  not  mils  uueei  taint  ies  ahoiil  leelniieal  and 

opetaliimal  parameters  and  the  actions  ol  the  enemy,  hut  also  conceptual 
imecriamlies..  Such  analssis.  as  well  a-,  any  olliei  attempt  to  answer  t Is**  same 
questions,  must' necessarily  lace  this  uncertainly  squarely,  treat  it  as  'au  impor¬ 
tant  eieu  .-nt  in  the  problem,  and  lake  il  into  account  in  loniuilntiiig  recommen¬ 
dations.  I  he  liealiiK  iit  ol  uncertainly  is  not  merely  a  dilliciilty  in  priueiple, 
Imi  i\"a  (,'oi isnlei  able  practical  piohleiii.  Somehow  ! he  number  <0 1  eases  made 
nccessais  he  the  pleseliee  ot  uneei  biilils  muo  he  InViiled  and  the  loloi  elloi! 
kept  within  reasonable  hounds, 

I  l:,i:ie  are  dlllcrent  degrees  ol  uneyrlanil  v.  lull  I  ol  discussion  lieie  we  will 
l  ecoL’iii/o  two  categories:  \Ve  will  call  them.  lor  waul  ol  belli  r  lenus.  *,1  ate.l  teal 
mii  i'i  laiiilies  and  '  o  al  uueei s'a  ini  ies. 

Stall  . lieal  uneel  lainlie-s  those  having  a  mure  Ol  lest  objective  ui  calculable 
prohahilitv  ol  ocelli  renee  can  lie  handled  in  the  model  In.  Motile  l  alio  or 
othel  methoil-.,  i  or  instance,  our  U now  ledge  ui  inn  siinanon  may  he  complete 
and  accurate,  hut  a  quantity  nun.  he  stochastic  or  “noisy  .’An  example  might 

I  i-  ii  >s  nut  enough  io  know  that  Iwu  vaiiable-.  ael  in  e.ppuMU-  ilircetions:  iheii 
•quamitaiivc  impaci  .must  also  be  estimated. 
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bo  tile  accmacy  ol  a  missile  svsteni.  Aileniniiveiv,  die  qiiunlitv  involved  may 
have  a'lmiqiic  vaine.  hut  i lie  determinate  factor.  may  nut  lie  measurable.  Then 
. i)1, 1 1 1 1  tiie  quantity  involved  may  lie  related  Ui  measurable  lavLors  in  sueh  a 
i  nmplex  way  that  it  is  beyond  Our  mathematical  or  engineering  power  to 
deserihe.  and  we  must  appioximatc  the  real  situation  In  a  simple  description, 
l  or  example,  take  the  lethal  radius"  concept,  of  a  nuclear  bomb.  Sueh  un¬ 
certainties,  like  iliose  itt  cost  or  missile  acctuacv,  lead  to  risks  that  can  he 
estimated  and  accepted,  ’[  hey  can  he  liniim  iue  hut  not  devastating.  like.  sav, 
the  uneertamlivs  due  to  ignorance  or  to  competition  associated  with  die  pre¬ 
diet, on  ol  what  tile  environment  muv  Hun  out  to  lie  or  the  enemy  may  do 
dm  mg  the  lifetime  of  the  sv steins  imdei  eonsidci alion.  , 

Uneei  tamties  about  human  laejlirs,  which,  base  tu>  necessarily'  logical  con¬ 
struction,  or  about  the  Inline  hehaVioi  oi  IhiiiH’s,  which  is  law  end  the  practical 
ability  of  analysis  to  predict,  belong  lo  the  .class  ot  ie.il  uneei utilities.  Lnider 
real  uncertainly,  we  consider  events'  like  the  piohahihly  ol  war  to  which 
individuals  may  attach  subjective  probabilities,  hut  which  we  cannot  calculate. 
With  tvgai d. to  air  defense,  lor  example,  real  uneei  latnlA  involves  -  pell  questions 
as  "Will  we  have  warning?  if  we  gci’ii.  wili  we  heiicve  it?  Wlui  surprises  does 
tlu:  enemy  have?"  I  or  such  Uncertainties.  Hick  is  Irequciillv  widespread  dis 
auieeiviellt  about  the  pertinent  probabilities,  and  even  contusion  and  vagueness 
w  i) hiu  any  one  individual/ 

\s  i  si  m  |  he  example.  mV  son  w  lien  he  had  jusl  mined  sixteen  w  anted  to  drive 
the  eat  !>inee  he  couli|l  not  walk  linough  a  loom  wilhoi.u  humping,  mio  the. 
Immtme  the  ptjliblein  I  I. ned  was  whethei  lo  let  Inni  drive  oi  mil.  Ilele  I  had 
uneei  lainltes  as  lo  liovv  not  dir, mg  would  attest  Ins  pci  sonaiilv  and  shaiaetei 
dining  I  lie  next  year  oi  so.  as  well  'iliose  alioul  his  capahiliiv  survive  in 
.llecWav  tial’lic.  1  (us  was  imeeil.nnly  alioul  einpnis.il  las  is  dial  Were  noi  and 
woulil  not  lie  available  and  dial  could  not  lv  made  available  to  me  by  a 
,  realistic  or  thinkable  course  ol  Inquiry.  Ihcrelme,  my  solution  to  this  prohlem 
had  to  involve  guesses  and  judgments  which  would  lie'  -a  I-:-  ■;eu|inneil  and 
even  now  !  do  nbt  know  wheihei  1  cIiom.  a  good  solution  ot  not 

Mieie  i--  no  li.'olproni  u-eipe  lot  handling  mu  ei  laiiil v.  tail,  ihete  ate  almost 
ah.v.ivs  n lira Mh'es  i hat  Van  fie  taken  lo  make'  the  eonseq i lence  .  ot  possible  nm. 
taken  prediction  less  devastating. 

With  regard  lo  inv  sons  driving,  lot  iuMaiu  c.".l  Inn  c  wcie  vaiioiis  wav.  m 
which  I  might'  have,  sought  a  good  solnlion  I  ui  evimiple.  1  might  have 
(!)  deli  lied  gl  mil  mg'  the  dl.viiig  pilvih'gi-  hn  a  'while  to  111.  I  r,  k'I  loll,  or 
(/)  set  up  a  pohev  :P  which  a  neai  .a.  idem  a-  Well  ;e.  an  accident  would  lesilll 
in  levoealion  oflii'-  pnvileges.  or  (  b  icqiniod  him  lor  a  peiiod  to  <  i  1 1  v  *•  only  ip 
specified  areas  oi  at  speeilied  limes.  1  lie  last,  an  nlciilally.  would  have  been  not 
so  iiiueh  a  w  av  ot  geiting  data  as  a  wav  ot  keeping  him  out  ol  dangei  o(e  liable 
while  lie  acquired  plohcicncv  .  1  chose  ’.till  a  Icnjith  wav.  lennuim,  him  lo  pass 
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a  course  in  a  driving  school  reputed  to  have  high  standards  (rather  than  teaching 
him  myself . ‘and  ^passing  my  own  possibly  bad  driving  practices  on  to  him),  and 
then  taking  the  recommendation  of  the  instructor  thal  if  he  passed  the  test  for 
a  license,  he  he  permitted  to  drive  without  restrictions. 

In  the  analysis,  as  a  prelude  to  finding  ways  to  compensate  for  uncertainty, 
an  cflort  can  be  made  lojorec ast  or  map  the  many  possible  futures,  rather  than 
<o  predict  a  future  environment  in  the  sense  of  specifying  a  single  sequence  of 
events.  Since  the  future  is  inherently  unpredictable,  il  is  too  hazardous  to 
proceed  solely  on  the  basis  of  a  "best  estimate"  about  the  future  military- 
technological-political  environment".  Instead,  tl,ie  analysis  must  reckon  with 
the  wide  scope  of  possible  developments  and'1  serious  uncertainties  (hat  the 
future  holds.  :i 

To  do  this,  as  far  as  the  technical  and  operational  parameters  are  concerned, 
one  way  is  first  to  explore  their  limits  and  then  make  liie  calculations  in  terms 
ol  the  range  of  Uncertainly,,  using  an  tipper  and  lowei  estimate  in  addition  to 
a  best. guess.  Although  initially  it  is  usually  necessary  to  design  the  system  c. 
strategy  primarily  on  the  basis  ol  host  estimates,  this  type  of  investigation, 
through  feedback,  helps  to  modify  them  so  that  their  performance  will  not  he 
sensitive  functions  of  parameters  whose  values  are  essentially  unknown.  And  it 
must  be  kepi  in  mind  that  alternatives  tire  to  be  evaluated  also  by  their  ilexibility 
to  meet  the  unforeseen,  rather  titan'  solely  by  their  optimality  in  meeting 
expectations.  In  eases  of  doubt,  to  overestimate  one's  opponent  and  to  under¬ 
estimate  our  own  capabilities  is  not  necessarily  the  safe  tiling  to  dn.  Over¬ 
estimates  do  net  necessarily  lead  to  saiely  and  instu  mice  They  arc  just  as  likely 
to  lead  to  despair  and  loss  of  morale,  to  die  ieeling  iiiai  the  uuamincui  ot  Certain 
policy  objectives  is  hopeless,  and  thus  to  "strategies  ol  desperation". 

Of  course,  t ho  best  wav  10  compensate  tor  uncertainly  would  be  io  "invent 
a  hctlei  system  or  polk  y  which  would  provide  insurance  against  the  whole 
range  of  possible'eatastrophes;  the  difficulty  is  to  discovei  how  to  <lo  this 

In  view  of  the  unecitainties  present  in  any  operations  research  model,  Imw 
earl  one  obtain  Useful  information'.'  I  his  fundamental  question  confronts  every 
scientist  and  requires  sensitivity  and  rant  in  arm  v  analysis.  In  addition  to 
calculating  initially  with  a  range  of  values,  it  is  necessary  to  find  out  how 
changes  in- the  infot'inaiioii  put  into  the  problem  amt  the  assumptions  made 
ullect  the  results. 


In  "sensitivity  analysis"  an  attempt  is  made  to  deienninc  how  sensitive  the 
-exults  arc  to  variation:,  in  key  parameters  and  assumptions  I  he  hope  is  to 
obtain  a  dominant  solution  in  which  the  ranking  of  the  preterred  alternative 
is  essentially  insensitive  to  reasonable  variations  in  values  ol  the  paianieters  ot 
assumptions  in  question.  “Contingency  analysis"  investigates  how  a  system 
chosen  with  one  assumption  about  the  environment  measuies  up  to  the  per¬ 
formance  of  its  alternatives  when  radical  changes  in  the  environment  occur. 
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Thus,  sensitivity  analysis  might  test  the  alternatives  for  a  wide  range  of  enemy 
capabilities  or  for  the  consequences  of  having  planned  tor  one  level  of  capability 
whim  another  is  experienced.  Contingency  analysis  might  test  the  alternatives 
under  a  change  in  criteria  or  compare  them  in  an  environment  in  which  France, 
say,  had  become  part  of  the  Communist  Bloc. 

Since  a  systems  analysis  is  a  study  which  attempts  to  influence  policy,  it  must 
in  the  end  present  a  convincing  comparison  of  the  relevant  alternatives. 
Although  it  may  be  clear  to  the  analyst  that  a  certain  course  of  action  A  is 
better  than  alternative  possible  courses  of  action  B,  G,  D  . . ..  it  may  not  be  clear 
to  someone  who  has  not  “lived"  with  the  problem.  One  way  to  show  that  under 
;  any  reasonable  assumption  the  system  or  policy  designed  or  selected  by  the 
analyst  is  indeed  to  be  preferred  is  to  use  either  an  a  fortiori  or  a  “break-even" 
analysis. 

To  make  an  analysis  a  fortiori,  we  bend  over  backward  in  making  the 
comparisons  to  “hurt"  the  system  we  think  is  best  and  to  “help”  the  alternative 
systems.  If  it  then  turns  out  that  after  we  have  done  this  we  can  still  say  we 
prefer  the  handicapped  system,  we  are  in  a  strengthened  position  to  make 
recommendations.  Sometimes  we  cannot  do  this  say,  if  we  concede  the 
exaggerated  performance  claims  for  rival  systppis  and  the  pessimistic  estimates 
about  the  systems  we  like,  in  this  ease,  we  m%ht  lrV  a  break-even  analysis:  We 
decide  what  assumptions  must  (re  made  about  important  values  in  order  to 
make  (hi  performance  of  die  two  systems  essentially  tint  same,  t  hen  we  can 
simply  ask  people  to  judge  whether  these  assumptions  are  optimistic  or 
pessimistic  As  Kahn  and  Mann  put  it: 

More  titan  any  nnVr  vmr/r  thina,  the  skilled  use  u/  tit.lmtiori  caul  hrr<ih-cvcn 
timtly-ii  \  .wpura.Y  hum  the  amateur*.  Most- analyses  should 

(conceptually)  be  done  in  two  stages:  a  first  stage  to  lind  out  what  one  wants 
to  recommends  and  a  second  slave  that  generates  the  kind  of  information  lhat 
makes  the  recommendations  convincing  even  to  »  hostile  and  disbelieving,  blit 
intelligent  audience1". 

Iiiicrpretmi on 

A1  ter  u  solution  ha**  been  obtained  trorik  ii.uvn.  ......  —  ‘  ! 

inter  pietcd  m  the  light  of  considerations  which  may  not  have  been  adequately 
treated  by  the  ifiodel,  since  the  model  was  but. a  single  representation  ot.  the 
ie.,1  world  chosen  by  the  analyst,  l  or  example,  the  svsteuis  analyst,  (or  (or  (hat 
matter  the.  designers  of  the  stiategic  oflciisive  luicc)  may  have  established  the 
requirement  that  a  force  assure  the  destruction  ol,  sav,-  per  cent  ol  the  targets 
at  a  minimum  cost  tipder  a  certain  range  ol  contingencies.  But  many  questions 

i:<  iq  }C;\hn  and  I.  Mann,  Techniques  uj  Systems  A nulysis,  I  lie  kan!i  Corpoi  ation, 
RM-1829  (DDC.  No.  AD  123' 12),  December  3-  W>f>. 
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occur.  IVili;i|>s  the  minimum  cos!  is  mo  high,  mat  he  llic  tasks  ol  deterrence 
tuiil  minting  damage  could  he  heller  done  hv  spending  less  on  strategic  forces 
anri  more  on  air  defense.  i  lie  44  per  cent  mat  he  loo  high,  or  too  low.  Someone 
must  translate  the  percentage  of  target  destruction  into  its  implications  in  terms 
nl  more  meaningful  criteria,  such  as  (lie  halanee  of  mildaft  forces,  the  will  to 
continue  lighting,  anil  Lite  elleet  on  our  diplomacv  .  1  he  analtsl  mat  .  he  able  to 
help  here,  but  the  responsibility  is  someone  else's. 

I  he  solution  Itini  lias  been  si  til  pi  i  lie's  I  and  possible  .reduced  lo  •nialhe.muljva'i. 
nil  m  b\  ilrastic  aleali/alion  and  aggregation  isnot  neeessarilv  a  good  solution 
of  lite  oi  iginal  puibleui.  A  different  mud"!  might  he  called  for  M  this  stage, 
not  only  does  the  anaiv.st  attempt  to  interpret  his  wolf.  Init  ihe  sponsor  or  the 
retd  world  gels  Into  tin-  ilernlite  et  ic  again.  lo  eoiinl<-laet  the  unulvst  s 
ignoiance  and  line  produce  heltev  answets. 

Iii  lorttt  a  basis  lor  recommendations,  ant  nuiilait  st stems  .malt  , i. ,  must  at 
Ihe  very  least  give  adequate  consiilei  alion  lo 

1.  I  lie  olijcelives  both  of  the  nation  as  a  whole  and  ol  Ihe  forces  that  aie  to 

implement  these  national  objectives. 

2.  Ihe'  military  capabilities  teipnied  lo  attain  these  objectives. 

3.  Ihe  eneint  capabilities  and  objectives.  i 

■I.  Ihe  technological  possibilities.  : 

'.  Ihe  elleet  i  veiies.  ol  eai  h  posture  '.tslem.  ol  plan  considered.  1 
n.  i  lie  eosis  oi  nsiuihv  iinplieiilions  .4  the  choices.  ;i 

I.  till  tineet  laml  ics  in  die  above. 

!  It tilings  ol  iMimse  cannot  he  specified  absollllelv.  I  lii'V  depend  on  ear  It 
oilier,  on  Ihe  degree  ol  seclude  deemed  adei|Uale.  and  on  lite  riicmv  .  mlei 
pretalion  of  our  objectives  and  the,  actions  vte  take  to  implement  them;  and 
t lie v  vary  over  linie.  Moteovei  the  entire  structure  is  based  on  a  set  e.t 
assumptions.,  hopefnUt  not  aihilt.uv  bill  nlijis  live  II  v!>iion  is  ns  he  taken  .m 
tile  oasis  ol  the  anal' sis.  it  is  impoitai.il  that  the  assumptions,  as  well  as  the- 
g.oais.  be  the  tight  ones. 

I  here  ate  special  piohl.ms  av.oi:ialed  tvd.h  miliunt  gi'e  nmr.  Male,  laelois 
Used  ill  the  compulation ,  ace  Mol  and  cannot  hi:  nieasmcd  Snuieiuiie,  this  is 
.because  ut  time  iiiiiitaliiiiis.  oih..;  limes  it  •  .  Iveeau  .e  laelois  such  as  the  euem't 
tlelense  sliinpth.  ni  deiu  adallmi  in  conmat  oi  eomplie di'd  plan  maelmie 
combinations.  aie  not  accessible  to  nieasui ctnent  hid  hate  lo  he  as  cssed  on  the 
basis  oi  expel  icnec  oi  pooled  indgmeul.  I  lie  lesiilts  o!  conipui.it  i.m  u.n  .l  t.e 
examined  to  see  if  diet  depend  elilieailv  upon,  esliinalioiis  si i-  1 1  a-  llie-e 

In  mihtaiv  pro!. leins.  there  ale  altv  ats  eonsi.li-i  aiior,  nyi’ siihio.  ..  lo  ..nt  oil 
ot  ipiant  ilal  it  e  analtsis  lo  achieve  ellieienet  in  a  mililmt- contest,  laelois 
other  than  cost  circclivcness  are  important- -  di*iciplmc.  morale,  esprit  de  edi  ps 
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tradition,  and  orguni/.aliona!  behavior.  Such  problems  involve  more  ihan  puuiv 
military  questions.  the  si/c.  composition,  location,  amt  stale  ol  readiness  ol 
forces  influence  nnr  foreign  po!ir\  amt  the  freedom  ol  action  we  have  I  licit* 

I  hey  also  have  a  major  impact  on  our  domestic  cconomv  and  public  mot  ale. 

I  lie  men  who  must  somehow  integrate  these  factors  with  the  Mink  are  really 
doing  systems  analysis.  but  at  a  level  so  high  it  is  hard  to  eonsidei  it  as  sueli. 

It  is  important  tor  the  user  ol  analysis  to  distinguish  between  what  the  studs 
shows  and  the  recommendations  lor  action  the  analyst  makes  uti  die  basis  ol 
what  lu'  thinks  tile  study  implies.  I  lequenl!'..  when  new  minds  management, 
lot  cxaii)|,','k  ivy  ieyv  ll;e  problem,  they  bring,  new  informal  ion.  I  .yen  though 
the  solution  obtained  IrOm  the  model  is  not  changed,  recommendations  lor 
action  based  on  li  may  he.  A  model  is  only  an  nnliealoi  no!  a  final  judge.  In 
our  expository  example  ((  luipler  d.  yylnle  congpui  isons  of  basing,  systems  were 
made  undo  .1  gicul  many  dtllerenl , assiunpl ions,  using  yaiioir-.  ntojU-is,.  no  one 
would  expect  (lie  decision  to  Ire  made  solely  on  llte  basis  ol  those  •eon ipai  isons 
alone  -and  tile  same  would  have  held  even  il  cm  immensely  more  complicated 
version  ol  such  a  study  hud. been  carried  ou(j.  jj 

"I  here  are  numerous  reasons  why  an  inlet prela! ton  is  necessary  Mainly  it  is 
because  major  decisions,  in  the  lield  of  economic  or  mililaiy  polity,  ate  pan  ol 
a  political  as  well  as  pen  1  oj  an  intellectual  proeet ..  <  onsulci  !oi  instance 
the  following 

the  1  elal ionship  between  "cost  and  "ellec'tiyeitev,"  ol  a  weapon  ■  v.lem  Pa 
some  given  nb}rili\e  typically  pilots  a',  m  t  ge.  K. 

!i  .i  weapon  system  pirns  ai  A.  then  death.  the  ohiecliye  is  loo  ambitions  toi 
the  budget  and  someone  must  decide  to  look  lor  a  !c  .  .imhitie.us  objective  01 

to  abandon  the  sysiem.  01,  as  another  possibility  in  decide  to  spend  a  lot  . <• 

money  to  eel  it  to  !i.  II  at  C  and  we  still  have  money  lip  spend.  cleailv  we've  put 


l  1  .si  ;; 

t  ig.  if . A  typical  cost  eliec'hyeness  cinyc 
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more  money  into  I  lie.  system  Hum  was  economic  anil  should  look  for  another 
system  and  morcambilioiis  oh|i'Cli ves. 

II',  in  the  judgment  of  the  analyst  and  | jlose  w|10  Llsc  his 1  analysis,  the 
alternative  ranked  highest  by  the  model  is  good  •enough,  the  process  is  over;  if 
not,  mine-  and  better  alternatives  must  he  design*  d  or  the  objectives  must  he 
lowered.  Analysis  is  sufficient  .to  reach  a  policy  conclusion  only  when  the 
objectives  are  agreed  upon  by  the  policymakers,  hi  defense  policy  in  particular, 
and  in  many  othei  eases  as  well,  objectives  arc  not.  in  fact.  agtVcd  upon.  The 
rhnic'c.  while  ostensibly  between  alternatives,  is  really  helwueij  objectives  or 
ends,  and  nonanalylieal  methods  must  be  used  for  a  final  reconciliation  of 
views.  Although  the  consequences  compuied  pu-  model  may  provide 

guidance  us  deciding  which  objectives  to  compromise,  such  decisions  are  not 
easily  made,  and  judgment  must  again  he  applied- 

In  ihe  crgl.  miliinty  decisionmaking,  like  systems  analysis  itself,  is  an  art. 
Atier  it  eeriain  stage,  calculation  may  no  lirnyor  he  helpful.  There  are  always 
considerations  the!  cannot  he  measured  sav,  (he  importance  ol  military  gains 
against  political  iosses.  01  public  ie.uiion  to  a  temporary  setback  against  the 
enhanced  chances  of  a  I011I4  term  gain.  Moreover,  there  tire,  always ••eonsirlera- 
lions  that  have  been  nteasureii  or  dcierniip.ed  hy  judgment  but  hot  to  the 

s  iCC  I  ilOi  i  I  i  1  like  I  '»  SHT  i  St  a  Ct  iol  « . 

I  tv  delinilion,  in  judgment  is  known  io  He  coned,  because  s\  stems  analysis 
oidmatily  go"'.-  bemud  objective  analysis,  j{  idies  heavily  on  » onsitlcied 
jtiilguii  ni  N1 *  1  matte!  what  ore,  he  the  hopes  id  pr-devnona!  analysts,  the 
judgment  applied  by  tile  d,  ci'-ioimird.ei  in  i]lt.  j .{ ,  (1|  .1  study  limits  the 

influence  ol  the  previous  analyses  At  Us  heel  analysis  can.  oniy  embrace  a  part 
ol  a  hiond  vi'opr  piohleut.  1!  gels  00  foothold  ai  all  on  many  suh|eelive  elements, 
:""l  bi'I'M’-  i'  oi'gp.m /es  an  nmli'i standing  ,,|  ;1||  objective  elements  it  becomes 
toil  complex  to  handle,  lints  analysis  i-'n ;,o  iur  md  no  luilher.  lint  the 
11  sli ietions  on  the  it:,'  ol  analyses  impose,]  j,v  jjI(.  |-(.fiis;il  <<l  poltcMiiakers  to 
list;  It  when  they  should  can  he  pushed  hack  bv  better  analysis 
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In  addition  to  the  “elements"  of  analysis,  there  are  a  great  many  oilier 
important  aspects,  and  we  have  selected  some  ot  these  for  more  detailed 
discussion.  This  selection  was  somewhat  influenced  by  the  willingness  of 
lecturers  to  talk  about  a  particular  subject,  hut,  regardless  of  the  topics  selected 
as  headings,  an  attempt  was  made  to  cover  all  the  significant  ideas  about 
systems  analysis.  Indeed,  one  of  the  real  problems  in  the  original  course  was  to 
keep  the  lecturers  somewhat  near  their  subject;  the  tendency  was  for  each  one 
to  try  to  give  under  his  topic  everything  he  thought  important  about  analysis. 

In  many  military  analyses,  technological  considerations  are  major  factors  in 
determining  the  availability  of  alternatives.  The  discovery  of  how  trade-offs 
may  he  arranged  between  various  performance  parameters  and  how  these  affect, 
the  relationship  between  costs,  dl'ectivetiess,  and  risks  is  an  important  facet  of 
analysis.  Chapter  ’)  deals  with  a  number  of  technological  considerations  that 
arc  important  in  aliy  •a!?»ly«i>;  for  development  decisions. 

In  military  analyses,  enemy  behavior  and  its  treatment  occupy  a  central  role, 
it  is  not  enough  to  say  that  wc  must  design  our  systems  against  the  enemy 
himself  and  not  against  a  specific  enemy  tactic.  To  achieve  such  a  design,  the 
analysis  Use!!  must  relleei  the  enemy  ability  to  change  his  objectives  and  forces 
in  response  to  changes  in  our  own.  C  hapter  10  raises  some  of  the  problems  of; 
taking  enemy  capabilities  and  intentions  into  account  in  analysis. 

Tor  pioblems  of  military  decision,  and,  in  fact,  for  some  problems  of  business 
and  industry,  behavior  in  conflict  situations  is  extremely  critical  hut  hard  to 
analyze.  Although  such  behavior  has  long  been  observed  and  recorded,  it  is 
difficult  to  abstract  .  ■  Keeentiy.  game  itieory  ha:,  made  great  pregreo  ■  in  that 
direction.  Its  advocate:,  hold  that  many  of  the  difficulties  described  in  ( Ihuptcr  1 t) 
m|ghl  be  resolved  by  using  the  formulism  and  results  of  the' theory  of  games. 
Ti!|r  example,  they  feel  that  the  notion  of- “strategy”  bypasses  the  information 
arid  'who  moves  lirsl"  dithcuilics,  while  tiie  notions  of  “mixed  strategy”  and 
"splutiou”  uveu  oin.' the  guessing  problem. 

Vet  garnc  theory,  although  its. concepts  arc. universally  applied,  has  not  yet 
begun  to  handle  really  complicated  problems  of  the  business  and  military  world,- 
But  there  is  a  practical  approach;-  one  long  known  and  used  by  the  military 
that  of  war  gaining.  Chapter  I  I  discusses  gaming  and  its  companion,  simulation, 
with  particular  emphasis  on  their  use  as  research,  tools. 
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A  number  of  years  ago.  rand  carried  out  systems  analyses  in  which  the 
objective  was  to  determine  the  host  combination  of  such  parameters  a:;  speed 
and  range  for  a  coming  generation  of  strategic  weapons-  to  the  nearest  ten 
knots  and  hundred  nodes.  I  oday.  the  uncertainties  in  development  being  what 
•hey  are,  \ve  realize  that  such  efforts  are  not  likely  to  meet  with  great  success 


and  do  not  help  very  much  with  the  central  problem  in  development-  that  of 
making  the  world  more  stable  with  respect  to  its  uncertainties,  (.‘.hapler  12 
indicates  how  systems  analysis  is  as  applicable  to  questions  of  research  and 
development  as  it  is  to  other  problems  of  choice. 

Military  analysis  ranges  from  scientific  decisionmaking  nl  rhe  eommereird 
and  industrial  type  -  housekeeping  applications- —  to  divisions  involving  capital, 
issues  lor  or  against  essentially  unique,  actions  that  'may  determine  whether  we 
live  or  die.  The  housekeeping  role  has  been  the  most  fruitful  one  for  analysis, 
In  this  context,  mathematics  and  the  mathematical  techniques  oi  'Operations 
research  nave  played  a  most  important  part.  Chapter  l.y.  discusses  the  relation 
qf  .mathematics  to  systems  analysis  and  indicates  where  -it  is  likely  to  he. 
most  useful. 

Although  a  discussion  of  specific  techniques  and  tools  is  largely  omitted  from 
ibis  work,  we  have  singled'  out  (He  compute)  and  Us  use  fm  a  special  word. 
One  of  the  reasons  mathematics  has  been  able  Id  tackle  certain  large  problems 
rilich  the  con ii i itti iu  .mu  conuoi  of  modern  weapons  systems  has  been  the 
phenomenal  growth  in  the  digital  computer,  in  principle,  we  can  now  build  a 
machine,  oi  leach  an  existing  one  to  do  anv  inlelleeltinl  task  we  can  do. 
provided  we  can  ilesenhe  wii.u  is  to  he  done  in  enough  detail.  Hut  many  people 
expect  even  mme:  l  hapler  14  tries  In  se!  uin'...-  limits. 


Wliiie  (  hapler  A  establishes  the  case  for  the  relevance  of’eosl  in  system* 
.ina'oses  miu  in  all  pi.oblems .  of  decision,  it  does  not  discuss  how  to  assign 
numerical  values-fo  the  cost  of  items  that  cannot  he,  purchased  m  the  mat  ket- 
placc.  Chapter  15  deserihes  it-lcvanL  costing  factors  .and  methods. 

Finally,  because  systems  analysis  deals  with  dillieuli  problems  and  uses  laigelv 
undeveloped  techniques,  errors  occm  trequenlly  Chapter  1(>  attempts  to.  point 
out  sonic  oi  die  pitl'dls  tor  which,  the  analyst  and  his  clients  mini  watch. 
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d.i.  In  i  l<ni>l!<  I  ION 

In  Chapter  military  decisions  were  divided  inlo  (line  groups:  operation-- 
decisions,  force  composition  decisions,  and  development  decisions.  In  .  tins 
chapter  we  take  a  more  detailed  look  at  a  number  of  matters  that  are  pertinent 
to  development  decisions  In  particular. .we  eonsidei  a  number  t'sf  technological 
considerations  that  make  a  significant  contribution  to  ninth  sis  for  development 
decisions.  Since  it  is  clearly  impossible' to  present  in  a  lew  pages  a  condensed 
background  course  in  physics  and  engineering,  the  approach  .will  c'onsi >t  ol 
•pointing  out  certain  concepts  and  ideas  that  should  prove  useful  to  cither  a 
uonsiimei  oi  ns  Imieal  studies  or  a  peiieiatoi  ol  such  studies  who  is  not  a 
specialist  in  technical  mailers.  Several  such  concepts  c\ pressed  in  in  ms  ol  ”1)  h 
words"  oi  phrases  frequently  used  hv  analysis,  scientists,  and  cngineeis  are 
pe,t  lormanee  paramctci.  Iiadc  oil.  siate  <>l  ttir  ail.  const! aim,  rcfalivitv,  scaling 
flic  optimum,  leliahiltlv.  and  complexity. 

.As  we  shall  see,  inanv  "t  tiicse  concepts  am  nilci  idaled  and  no  pamenhr 
significance  is  attached  to  the  outer  in  Which  tlicv  have  been  listed.  . We  discuss 
tiicse  concepts  in  terms  ol  a  - number  of  i)!usi; a-, ions  dnovn  Iron!  a  variety  of 
technical  fields,  including  roc  Wet -powered  iuissiics.  .dip!,:;,,  .  .  m.;:r.:.-:i''ons 

and  uuCjkar  weapon  till  eels.  While  these  ijlu  ,t,  atioie.  ate.  it  e  hop'-d.  m1,  i  esline 
•and,  iidfn  1 1  i  .  ■  i  i  i  -  in  ’licit  own  ii>'hi.  the  tender  should  not  he  disti  acted  immllie 
null  h  diii).::!.  I  issues  the'  ne  intruded  In  point  lip 

‘.I.1  I’l  III  0|l  M  \X<  I  1-yiMMI  III, 

A  perli>r  mam  e  parniuelci  mas  In  del! licit  simp-lv  as  die  deseciptior.j'  of  ;i 
physical  pi opei ts  oi  capability  <>|  a  haullvaic  ilenl.  slide  as  a  vehicle  hi  an 
aiip'anc.  A  perlivrmnuce  pniamctci  is  decidedly  nut  a  measuu  of  the  military 
or  economic- worth  of  such  a  hardware  device.’ I  Ins  can  lx;  readily  ilhistrated 
by  . considering  the  most  popular  ol  all  per! ornia nee  paraincicis  spctkl. 
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Speed  is  simply  the  ratio  of  distance  covered  to  the  time  required  to  do  so, 
that  is, 

Distance 

Speed  — 

lime 

Under  some  conditions  one  desires  high  speed,  whereas  Under  other  conditions 
low  speed  is  preferred.  Consider,  for  example,  the  ease  where  one  wants  lo 
cover  a  large  distance  in  a.spccified  length  of  time,  such  as  a  space  trip  to  a 
distant  planet,  which  is  to  he  accomplished  in  a  short  number  of  years.  In  this 
instance  the  large  distance  poses  the  requirement  for  high  speed.  Conversely,, 
if  for  a  business  trip  qne -wants  to  cover  a  specified  distance,  say  from  1  os 
Angeles  to  London,  in  'As  short  a  time  as  possible,  this  short-time  requirement 
also  makes  high  speed  desirable.  Similarly,  high  speed  is  an  objective  in  the 
case  of  .a  bomber  or  a  ballistic  missile  that  must  cover  a  specified  distance  from 
Ix.se  to  ^target  in  as  short  a- response  time  as  possible. 

On  the  other  hand,  there  are  other  situations  (or  missions,  in  military  jargon) 
where  one  desires  to  cover  only  a  small  distance,  oi  sometimes  no  distance  at 
all,  and  to  remain  in  a  confined  space  for  along  period  of  time,  'I  bus  certain 
reconnaissance,  surveillance,,, or  patrol  missions  emphasize  longer  endurance  in 
a  relatively  stationary  attitude,  so  that  low  speed  rather  than  high  speed  will 
be  desirable.  It  follows  that  the  knowledge  of  an  aircraft’s  speed' capability,  be 
it  high  oi  low,  dues  not  enable  one  to  decide  whether  il  is  good  or  bad  without 
knowing  tiie  purpose  ior  which  the  craft  is  to  be  employed. 

Having  Ihus  defined  the  performance  parumctci  speed,  one  may  wonder  next 
what  the  pby-ical  limitations  on  speeu  are.  !  he  lower  limit  on  speed  is  obviously 
zero.  Yet  tor  this  statement  to  he  'meaningful,  we  must  define  speed  relative  lo 
something;  hence  let  us  say  zero  speed  relative  to  the  earth.  In  fact  the  reader 
himself  is  at  this  moment  probably  at  zero  speed  relative  to  the  earth  and 
experiences  no  difficulty  iri  maintaining  ihis  state  for  a  long  ptiripd  of  time. 
However,  one  experiences  some' difficulty -trying  to  maintain  zdro  speed  in' the 
atmosphere  at  some  height  above  the  earth,  This  might  be  achieved  theoretically 
with,  a  balloon  or  other  lighler-than-air  devices,  all  ol  winch  are  subject  to  wind 
drift  as  well  as  limilalkims  in  payload  carrying  ability,  so  that  it  is  not  always 
easy  to  maintain  zero  speed.  In  (act,  .sometimes  it  is  impossible.  Another  wav 
to  obtain  zero  speed  above  (lie  earth’s  surlaee  is  to  ascend  in  a  more, 
maneuverable  machine,  such  as  a  helicopter  or  a  verlicai-Utkeolf  airplane. 
However,  such  heavirr-thitr.-air  machines  must  exert  , a  contained  propulsive 
ello.it  lo  overcome  gravity,  and  the  consequent  continuous  consumption  of  fuel 
limits  their  endurance. 

Another  type  of  device  able  lo  maintain  zero  speed  relative  to  the  earth  is 
subject  to  neither  the  wind  drill  of  the  balloon  nor  the  limited  endurance 
drawback  of  the  helicopter;  this  is  the  so-called  ’24-hour  satellite  which,  when 
injected  inio  an  equatorial  orbit  about  the  earth,  can  maintain  zero  speed 
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relative  to  some  point  on  the  earth's  surface.  Yet  this  illustration  is  in  a  sense 
deceptive  because  of  the  very  relative  nature  of  speed.  Thus,  although  the 
24-hour  satellite  has  zero  speed  once  in  orbit,  a  relatively  high  rocket  spedd  of 
some  25  000  ft/sec  is  required  to  transport  this  satellite  from  the  surface  of 
the  earth  into  its  equatorial  orbit  at  an  altitude  of  about  23  000  miles.  In  other 
words,  such  a  satellite  is  at  once  a  high-speed  device  from  a  technical  (propul¬ 
sion!  point  of  view  and  a  low-speed  device  from  an  operational  (mission) 
point  of  view. 


Within  the  confines  of  our  present  knowledge  of  the  universe,  4he  upper  , 
limit  on  speed  is  the  speed  of  light,  that  is,  the  speed  at  which  electromagnetic, 
radiation  is  propagated  through  empty  space.  S  he  familiar  value  of  the  speed 
of  light,  186  000  mi/see,  implies  that  a  signal  could  he  sent  once  around  the 
earth  in  one-eighth  of  one  second.  The  next  question  of  interest  is  "Can  this 
upper  limit,  the  speed  of  light,  be  obtained?”  The  answer  is  certainly  "yes”-,  so 
far  as  radiation  in  a  vacuum  is  concerned,  that  is,  lor  the  propagation  of  a 
signal.  For  a  material  body,  however,  such  as  a  space  probe  or  a  rocket  ship,, 
the  theory  of  relativity  tells  us  that  it  is  not  possible  to  reach  the  speed. of  light 
because  an  infinite  amoiimt  of  energy  would  be  required  to  accelerate  the  body 
to  the  speed  of  light  Our  interest  shifts,  therefore,  to  determining  how  closely 
the  speed  of  light  can  be  approached  by  such  a  rocket  ship.  As  shown  in 
Fig.  9.1,  the  maximum  speed  which  can  be  attained  is  determined  primarily  by 
how  much  energy  can  he  packed  into  and  released  from  a  rocket  ship. 

The  vertical  axis  of  Fig.  9.)  represents  the  performance  parameter  we  are 
examining  at  the  moment,  iiie  burnout  speed  of  the  rocket.  The  scale  on  the 
left  is  a  logarithmic  scale  of  this  burnout  speed  divided  by  the  speed  of  light. 
The  highest,  value,  1.0,  represents  the  speed  of  light',  and  the  lowest  value 
shown,  10  5,  is  equivalent  to  a  burnout  speed  of  about  10  000  ft/sce.  1  he 
vertical  scale  on  the  right  shows  the  absolute  values  of  burnout  speed  expressed" 
in  thousands  of  fl/sec.  Also  shown  at  the  right  arc  some  specific  earth  and 
space  missions  which  can  be  achieved  by  rockets  having  the  specified  burn- 
QUt  speed,  hoi  example,  typical  intermediate-range  ballistic  missiles  (1500  mi 
range.)  require  a  burnout  velocity  ot  15  000  tl/sce;  earth  satellites  approximately 
25  000  ft/sec;  vehicles  designed  to  escape  from  the  earth,  somewhat  in  excess 
of  35  000  ft/scc;  and  a  one-way  space  mission  to  the  most  distant  planet,  Pluto, 
r....-iiires  nnDioximatelv  5.0  000  It/sec  burnout  velocity.  A  slightly  higher  burn¬ 


out  speed  is  lequired  to  escape  from  the  solar  system  entirely.  Speeds  required 
for  space  travel  to  solar  Systems  other  than  our  own  depend  primarily  on  how 


much  rime  our  hypothetical  space  traveller  want 


uppermost  arrow  on  the, right  shows  that  about  .0.2  times  the  speed  of  light 
would  he  required  if  one  desired  to  reach  the  nearest  star,  Alpha  Centatiri,  in 


30  years  or  about  the  useful  half-life  of  a  man. 
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llic  i.  ui  vi”,  slum  n  in  I  h  ’  ')  |  |n.-j  n  s-ss'iit  inilt  i’;i  ■  1 1 1 1  it -s  ol  space  lockets  which 
>iiili  i  fioin  oilc  .mi >!  i “  r  m  !h;_. ''amount  ol  fiw!  ronlaimsl  in  these  rockets  : 1 1 
"!1  /  '"’  lent  lock.  Is  aiv  ||y  |,rr, ck!-!-..-, !  hv  lli<>  curves  labeled  Vtl  an. I 

*  1  pel  fail  Incl  we i n 1 1 L  u-iai|Ve  to  prosit  weight.  The  upper  dashed  rurvi:  has 
Ih'imi  i.ulilei I  to  show  that  ;l  p •.•iik|.ik!;iiisIv  advanced  rocket.  whose  lucl 

content  exceeds  even  tne  i :  it  r  1 1  y  of"  Ivory  soap,  is  limited  to  Immoiii  speeds 
lar  less  than  the  speed  ol  1 1 jr|it  ui'jless  extremely  high  energy  releases  are 
hypothesized.  "  /•■  }■ 

I  lie  hoi  i/.ont  d  scale  ot  l  ig  <)  |  represents  the  amount  ol  .mergy  which  can 
hr  .tel.. -used  I  min  v,  hutc  ver  lUe|  carried  by  the  rocket.  1  lie  maximum  eneiav 
teletase  tin  met  ie, ills  coneciv;,),^.  1S  tcimei!  the  a  1 1 M  i  I  li  iai  m  m  i  cueigy:  inis  is. 

precisely  tin  .mu . .  oi  enci,,v  h vpoi'heiicaiiy  would  be  lelease.J  il  the 

eiilne  mattei  composing  thy  fl)cl  were  emivei  ted  into  energy,  according  ,o 
I  tnslein  s  equation  i.  :\!(  :  q  |s  eiinv vnieut  to  plot  tile  energy  which  can 
actually  he  released  Ip  '"'lions  processes  as  a  liaebon  ol  this  aimihilation 
energy  and  dm  hori/oiilal  l|lUari!hmie  -gale  y!  Pig.  b  I  serves  this  .purpose. 
Note  that  com  the  most  powerful  leaction  prc'tcntiv  known  to  seienee.  ihe 
mu  i.  ai  tUsion  icaetion  is  capable  oi  converting  iiss  than  i  per  cent  oi  matter 
into  ..eneigy .  I  lie  m.mium  li\Si,,n  nueleur  reaction  is  somewhat  less'  enet  ectic 
and  is  equivalent  to  slightly  lyss  man  1  /  t(l(K)  ol  the  annihilation  eneigy...  Never¬ 
theless.  these  iiuele.il  icuciiuiK.  |!ave  nil  energy  release  whieli  is  roughlf  a  million 
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times  grchiler  than  that  released  hy  ordinal  v  chemical  reactions,  such  as  the 
relatively  poieni  hvdiogi- n-uAY gen,,  reaction  show  i.i'l  near  the  left  end  nt  ihc 
hori/.ontal  settle  of  Fig.  9.1,  1  he  vertical  arrow  Itihcled  ;;H  p  H"  represents  the 
theoretical  energy  release  from  a.  class  of  "super  chemical"  reactions  between 
unstable  reagents,  such  ..as  atomic  hydrogen  (fit  '.  Ihit'ui  Innately.  nt)  practical- 
technique  is  : known  for  lightweight  storage  of  these  urtstahie  reagents.  so  <t hut 
the  potential  of  these  tuel:.  cannot  ho  exploited,  at  least  not  hqr  ;t  long  time 
to  come. 

In  thisjeonneeiioii!  it  should  also  he  mentioned  that  the  energy  releases  shown 
lot  fusion  anti  t  uston  -  t  eat-l  ions  are  tlieoieln.al  values  tit  the  sense  I  ha.!  the 
htimoni  speeds  indicated  hy  the  ctirves  are  obtainable  only  by  lot)  peri,  cent 
elite  ient  .conversion  of -ihc  nuclear  energy  to  kinetic  energy  til  the  thrust 
producing  jet.  Nuejeltr  reactors  now  being  considered  lor  rocket  application 
require  heat  transfer  to  a  working  fluid  am!  have  relatively  low  elVteiency  of 
energy  conversion,  so  that  the-; -usable  t  nergy  I  mm  the  hssidn  reaction  exceeds 
that  of  the  ordinary  chemical  reaction  by  a  (actor  ol  100  rathe1  than  the 
theoretical  factor  of  one  million  indicated  on  Fig.  9.  |. 

Several  rather  hi  dab  conclusions  concerning  technological  capabilities  can 
he  deduced  Irom  a  genera  I  i/ed  study  such  as  that  shown  in  Fig.  9  !. 

I  liven  if  it  were  possible  to  utilize  the  most  potent  reaction  known,  (fusion) 
with  1 00  per  ccni  clhcieii'  V,  rocket  speeds  achievable  would  be  lower  than 
otic  -third  the  speed  of  light,  using  reasonable  mass  taiios. 


!|  will  probjtblv  he  possible  to  escape  iiom  l.hr  solai  system  will  rockets  of 
ii-te.onahlv's.l/e  when  motleralely  efficient  means  for  conversion  ol  nuclear 
energy  have  been  developed.  However,  distances  to  heavenly  bodies  outside 
our  soltir  system  tire  so  it  nine  user  that  the  requirement  for  rockets  wiili 
extremely  high  fuel-weight  to  giv.ss-w.-ight  ratios  would  probably  render  it 
infeasible  to  make  a  round  tup  to'  even  the  nearest  star  In  a  man's  lifetime. 


(  heimeal  reactions  at 
i-wii  Solar  system  hut 


c  stiMtcieutly 
not  beyond. 


nerucue  io 


Mot.e  tmpoi taut.  Irom  our  present  point  of  view.  fig.  9.1  shows  how  a 
pci  lei  innnvc  paralnf tci .  nnnn  iv  the  humpm  speed,  is  uniquely  determined  hv 
two  oilier  parameters  \yhicli  we  might  call  state  ol  tltij  art  parameters,  i  hese 
al  e  the  tuel  weight  n>  gross-wen- hi  ratio  and  the- energy  release  divided- ■'  hy 
annihilation  energy  ratio.  At  any  oik:  time  pci  mil  past,  present,  or  dilute  the 
teehnolotiy  is  capable  ut  plodding  certain  values  lor- these  p.u aim  ters,  that  is, 
a  particular  maximum  practical  eucigV  relettse  and  some  minimum  value  ol 

.  '■  "  ...  S'” 

1  these  re  agents  aie  ('siially  called  tiec  radicatS.  :: 
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structural-weight  to  fuel-weight  ratio,  corresponding  to  a  maximum  of  fuel- 
weight  to  gross-weight  ratio.  As  shown  by  Fig.  9.1,  the  pci  Ton  nance  parameter 
plots  very  beautifully  as  a  smooth  function  of  the  two  .state-of-the-art  param¬ 
eters.  It  does  noi  follow,  however,  that  one  could  plot  with  equal  facility  the 
burnout  speed  versus  either  the  calendar  time  at  which  it  might  be  achieved  or 
the  dollar  cost  required  to  develop  the  heccssary  technology.-  T$je  estimation  of 
time  and  cost  required  for  research  and  development  must  V-  h  user  I  on  a 
detailed  examination  of  the  lundanienlal  knowledge  of  such  limiting  factors  as 
high-temperature  materials,  methods  of  producing  fuels,  as  well  as  the  facilities 
and  manpower  required  to  produce  necessary  research  information,  fabrication 
techniques,  etc.  As  is  pointed  out  in  Chapter  12,  sue!',  estimates  are  dillicuit  to 
make  and,  when  looked  at  in  retrospect,  have  generally  turned  out  Io  In' 
inaccurate. 

..9.3.  S  I  A  I  l  -OI— III!  ••\R!  I’ARAMKTU.RS 

In  the  lower  left  corner  of  Fig.  9.1  is  an  atl'xiliary  . scale  labeled  "specific 
impulse".  Specific  impulse,  measured  in  seconds,  is  defined  as  the  number  of 
seconds  for  which  one  pound  of  propellant  cun  produce  ore  pound  of  thrust. 
As  shown,  there  exists  a  onc.-fo  one  relationship  between  the  energy-release 
parameter  and  specific  impulse,  which' is  the'  conventional  way  of  expressing 
the  state  of  the  art  of  rocket  performance.  We  will  confine  our  attention  to  what 
can  be  achieved  with  chemical  propellants  and  will  examine  ii;  more  detail  the 


Humoiil  sjifcd  (thiHiviutty  of  h/vi-i) 

rig.  9.2  Rocket  performance 
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lower  lei L  portion  of  1  ig.  9.1.  l;or  litis  purpose,  lei  us  consider  l  ie.  9:7  in  which 
our  sample  perl orniii nee  parameter,  Inirnoul  speed  of  the  rocket,  is  shown  on  a 
horizontal  linear  scale. 

The  ordinate,  of  l«'ig.  9.7  represents  the  ratio  of  gipss  weight  to  payload  of  a 
rochet.  Consider  fust  the  left-most  solid  curve  which  represents  a  family  of 
single-stage  rockets,  all  of  which  al'e  designed  to  the  same  state  of  the  art.  and 
are  characterized  by  a  specific  impulse  of  240  see.  1  his  specific  impulse  is 
representative  of  current  liquid  rockets  using  liydrocai hon  fuels  and  liquid 
oxygen  ns  oxidizer,  this  emve  icprescius  the  trade  oil  or  exchange  rat  at  that  ts 
inherent  in  a  fixed  state  of  the  art.  T!fps.  if  the  burnout  speed  is  to  he  increased, 
a  bigger  rocket  is  required  to  accelerate  a  given  payload  to  the  specified 'burnout 
speed.  Conversely,  if  the  rocket  gross  w  eigh!  is' held  lined,  the  payload  w  hich 
can  he  acce’leraled  to  the  'burnout  speed  decreases  as  the  burnout  speed  is 
increased.  Note  also  the  limiting  maximum  hutgfout  speed,,  ol  roughly  iNOOft 
ft /see',  denqjvd  1>\  the  dashed  vertical  line,  '['his ’’represents  the  maximum  speed 
which  can  be  reached  by  any  single-stage  rocket  of  this  state  of  the  art.  that  is. 
a  specific  impulse  of  740  see  no  matter  how  large  the  rocket  or  how  small  the 
payload The  second,  utrvi  shows  the  effect  On  locket  performance,  of  in¬ 
creasing  the  specific  impulse  of  the  rocket  fiom  740  to  300  see.  Ibis  value  of 
the  propellant  slate  of  the  art  is  typical  of  high-enei  gv  liquid  propellant  combi 
nations,  such  as  hydrazine  fuel  and  llnminr  oxidizer.  The  general  natuie  of  the 
300  sec  curve  is  tin-  same  as  that  of  the  '  Id  see  curve:  however,  the  advance 
til  the  state  o!  the  ail  permits  a  Inghci  limiting  speed  to  he  u  ached,  oi  a 
reduction  in  gross  weight  lor  the  same  iv.s'ond  and  Inn  until  speed 

It  is  interesting  to  note  that  then'  ate  some  design  tucks  which  can  lie  as 
effective  in  impiovmg  pcrlormaiicc  as  advances  in  the  basic  stale  ol  the  art  o! 
rocket  propellants.  A  pal  lit ulttr  design  trick  illustrated  ia  ’<  '■■  ■  the  laimbar 

concept  of  staging.  I  he  staging,  principle  simply  iccngm/es  that  it  is  advan¬ 
tageous  to  jettison'  any  piece  of  haidwaie  which  h  is  served'  its  purpose  such 
as  tin  empty  fuel  tank  or  a  rocket  motor' whose  thrust  is  no  longer  needed  m 
order  *o  ae-iT.’lei  ale  as  small  a  wiielil  as  possible  to  the  final- bm  nout  -ped  1  he 
lnokcii  curve  .in  1  ip.,  9.3  show.  the  l>eiii-lits  « > I > i •. s i n : 1 1 •  I >  In  ehaug.in;  Imhii  a 
■  one-stage  to  a  iv.w  st:v  :e  design  it  Will  he  uoied  dial  the  'closet  the  single- stage 
desk'll  is  pushed  lii  its  limiting  speed,  the  piealel  ate  the  landils  i >1  ’lain:, I .k  by 
shit  ting  to  a  tw  O-sl  age  design  I  he  uvo  stage  di  sign  also  has  a  limit  1 1 1  v!  tl'si  S  in  mil  i 
Iminout  speed  winch,  in  i!us  example,  is  about  '  l  Odo  It  sc.  \s  iiulic  ded  m 
big.  si  I.  this  would  stllliee  bn  escape  Iioiii  the  earths  el  a\  ila  I  n  m;il  field 

"  this  limiting  speed  also  depends  on  the  value  ol  unolhes  st.it;  id'  da.  a)  l 
parameter,  the  ratio  of  prn|>ellanl  Weight  m  inupidsh.i  -a stem  weighi  (oyc.l.'-t  mutoi 
pi  ope-llaiit  tanks,  and  propellant!.  l"or  ilw  .sake  o.l  simplieitv.  ilns  i.jin.  .  livid  heed 
:g  ;■  value  of  n.'Ml  lm  all  eases  shown  in  1  as  9.4. 
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Similarly,  one  can  more  ami  more  stages;  hut  by  doing  so,  the  complexity 
of  the  rocket'  will  he  increased  considerably,  t  he  lowest  curve  in  big.  ().2. 
labeled  "many  stages",  represents  the  limiting  performance  which  ean  ho 
achieved  by  exploiting  the  staging  principle  when  the  propellant  stale  of  the 
art  has  a  fixed  value  for  the'  snes  lie  impulse  of  .100  sec. 

One  additional  feature  of  Fig.  *».2  is  wortliv  of  note.  This  is  the  fact  that  the 
oi dnuite  is  the  ratio  ot  gross  weight  to  payload,  'so  that  the  particular  set  of 
curves  shown  can  he  used  directly  to  determine  the  gross  weight  of  rockets 
designed  to  carry  various  payloads  Ibis  situation,  in  which  gloss  weight  is 
sealed  i  n  direct  pro  port  ion  to  ih<-  nayioad  is  mule  l  epical  ol  mans  I  ransportalion 
systems.  I  he  magnitude  of  the  scale  factor  depends  on  the  values  of  specified 
performance  and  stale  of  the  ari  available;  in  iliis  example,  on  burnout  speed 
and  specific  impulse.  I  he  same  principle  applies,  for  example,  to  airplanes  Hying 
through  the  atmosphere,  to  trucks  on  highways,  freight  trains,  submarines,  and 
surface  ships.  For  these  transportation  systems,  a  plot  of  gross  weight  versus  thy1 
payload  is  approximately  a  straight  line  whose  slope  depends  cm  the  performance 
and  slate  of  the  art  ( 'onseijiienl.lv.  the  term  '"linear  sealing"  is  frequently  uscilj 
to  describe  the  relationship  between  two  quantities  which  art1  directly  proper 
liomtl  to  one  another.  The  general  usefulness  of  this  concept  of  sealing,  other 
sealing  laws,  and  t licit  applications  are  considered  below. 

,J.  I.  S<  a l  in;;  i  -\ va  ■> 

’.  Scaling  laws.  such  re.  the  lino.u  sc.iliug.  law  pointed  out  on  Fig,  are  iisclul 
m  cngiiteci  ing,  ssslerns,  <n  mililaiy  analysis  principally  lot  ihiee  reasons’ 

I  Tliov  facilitate  an  undei standing  of  the  principal  interactions  eitfici  in  a 
physical,  system  or  in  an  analysis,  pal  liciilarlv  m  complicated  situations 
where  the  analyst  must  consider  many  variables  In  eases  where  analysis 
shows  that  the  outcome  o<  the  study  is  determined  primarily  by  Inc  dominant 
elfeets  of  a  small  number  ol  variables,  the  icsults  eanu’enerally  be  repre 
sented  by  relatively  simple  sealing  laws. 

‘2.  When  sealing  laws  apply,  much  "ll"il  mi'1  ■•xpcir.e  m  cnli-ulalion  can 
obviously  be  saved.,  since,  as  in  the  ease  of  Sag.  h.2,  one  calculation  will 
Miliice  lor  and  repieseut  an  iiitlinie  munhei  ul  situal ions, 

F  .Sealing,  laws  are  also  useful  in  jlraiisi  cmng  ml  m  mat  ion  Imiu  mu  dall  in 
another  in  iinm  one  piojilem  to  anotbei  A  corollary  ol  tills  is  dial  il  males 
possible,  mo-.!'.!  testing  ol  aircraft  in  wind  tunnels,  or  the  testing  of  angle, u 
Weapons  of  j educed  yield;  will;  obvious  economic  benefits. 

We  shall  now  use  a  communications  pioblem  to  illustrate  the  rather  simple 
derivation  of  ft  nuhbncai  sealing  law.  Consider  the  pioblem  ol  eoivinmnicutmg 
limn  one  .pace  ship  to  aiiollie).  as  shown  schematic a!!y  in  Fig.  'Fae.  fins  figure 


(.»)  Onr-\\ ay  u'Nimuuii 'Ui"n  (b)  Two-v*  ly  u>miminu«cio!i  (ratl.ir) 

Mi’.  U1-  ( 'imnmmication  scaling  law.-. 


shows  a  transmitter  which  radiates  a  power  /’,  in  all  directions.  I  his  energy  is 
radiated  along  spherical  wave  fronts  into  space  am!  a  part  of  this  energy  is 
intercepted  by  the  receiver  of  another  space  vehicle  which  is  at  a  distance  r  from 
the  transmitting  space  vehicle.  If  the  antenna  on  the  receiving  vehicle  has  an 
effective  area  A  i,  the  stiength  ol  the  signal  received  is  just  equal  to  the  trans¬ 
mitted  power  times  the  fraction  of  the  spherical  area  of  the  wave,  front  which  is 
intercepted  by  the  reeeivei,  that  is. 


This  equation  i«j'  equh’slen!  t”  /’,  -  /h  >'-i  which  means  that  if  the  received 
signal  is  to  have  a  specified  strength  then  the  tuinsniiiieil  power  mils1,  he 
directly  proportional  to  ri  and  to  the  square  ol  the  distance.  Here  we  have 
both  a  linear  and  a  quadratic  sealing  law.  since  the  power  which  must  be 
transmitted  scales  lineal  h  with  the  powei  to  he  received  ami  also  with  the 
square  of  the  distance  separating  receiver  and  IransmiUel.  Note  also  that  there 
is  no  limit  to  the  distance  over  which  a  .signal  can  be  transmitted  through  a 
vacuum,  since,  in  principle  at  least,  the  power  can  always.  Ire  increased  to 
compensate  lor  the  increase  in  distance.  For  example,  ii  we  compare  the  power 
required  io  communicate  from  the  earth  to  a  satellite  whose  orbital  altitude  is 
d4()  mi  with  the  power  required  In  communicate  to  a  moon  probe  at  240  000  mi 
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from  the  earth,  we  find  that  the  required  power  increase  is  a  millionfold  because 
the  distance  has  been  increased  by  a  factor  of  I  (tilth 

Next  consider  the  radar  problem,  which  can  be  thought  of  as  a  two-way 
communications  problem.  In  the  radar  application  (soy.  Fig.  9.3b)  the  receiver 
on  (lie  second  space  vehicle  is  replaced  by  the  reflecting  (or  echo)  area  of  the 
space  vehicle  itself,  or  any  other  radar  target.  This  reflecting  area  in  general 
does  not  act  like  a  plane  mirror  which  reflects  energy  precisely  in  the  direction 
from  which  it  was  received,  but  acts  more  like  a  transmitter  which  re-radiates 
a  fraction  of  the  received  energy  in  all  directions.  If  a  is  the  reflected  fraction 
of  the  power  received  a!  the  radar  target,  whose  area  is  A  i,  atid  A  j  is  the 
effective  area  of  the  radar  receiver  which  is  located  close  to  the;  radar  trans¬ 
mitter,  then  the  power  Pi  received  by  the  radar  antenna  is  given  by  Fq.  (2), 
which  is  entirely  analogous  to  Hq.  (1): 

'  ■  Pi  UiPi)  ■  •  (2) 

2  nr- 

i' 

The  factor  Ai/2nr-  is  Simply  the.  ratio  of  the  area  of  the  transmitter  to  the 
area  of  the  hemispherical  surface  over  which  the  reflected  signal  has  been 
assumed  to  spread  out.  Uv  substituting  for  Pi.  in  hq.  (21.  its  value  from  Fug  (1), 
we  obtain  tins’  expression  for  the  received  power  P-‘ 

/>,.  rt.aA'A-.  (3) 

■  8  t.-Y  1 

Fquaiion  (3)  is  a  form  of  the  familiar  radar  equation  which  stales  that  for  a 
fixed  transmitter  power,  target  echo  area,  and  receiver  antenna  area  the  received 
signal  is  inversely  proportional  to  the  fourth  power  of  the  distance  between  the 
radar  target  and  the  transmitter.  ( inversely,  to  receive  a  radar  echo  of  specified 
strength  Pi  the  transmitter  power  must  he  made  d Meetly  proportional- «to"  the 
fourth  power  of  the  separation  distance  r.  Fxtending  now  our  previous  example 
from  one  way  to- two-way  communication,  wg  find  that  the  power  required  to 
track  the  moon  rocket  would  hi- ' !()'-,  ,pr  one  thousand  billion  tunes  that  tor 
tracking  with  the  same  size  antenna  the  earth  satellite  in  its  240-mj  orbit.  I|:  is 
not  surprising,  therefore,  that  it  turns  out  to  lie  advantageous  to  -.ripply  space 
ships  with  batteries  or  sonic  other  power  source  so  that, the1.'  can  have  a  beacon 
which  can  be  used  for  tracking. -When  this  provision  is  made,  the.,  quadratic 
scaling  law  of  one-wav  communication  applies  and  the  tracking  problem  is 
facilitated  enormously. 

Another  field  of  teelmologv  in  which  scaling  laws  are  usefully  employed 
concerns  the  elfects  of  nuclear  or  chemical  explosions.  Here  again  the  energy 
release  hv  the  explosion  is  propagated  away  from  the  point  of  .detonation  along 
spherical  wave  fronts;  hence  in  Fig.  9.3a  the  transmitter  can  be  replaced  ivy  the 
exploding  boifih  at  the  center  of  the  spheres.  If,  to  be  specific,  we  consider  the 
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l?last  effects  produced  by  such  spherical  shock  waves,  then  it  turns  out  that  tire 
yield  of  the  explosion  required  to  produce  a  specified  overpressure  at  some 
distance  r  from  the  center  of  the  explosion  is  proportiona1  to  the  volume  of  air 
contained  within  the  spherical  shell  passing  through  that  point.  This  is  equiva¬ 
lent  to  stating  that  the  required  yield  is  proportional  to  the  cube  of  the  radius. 
Conversely,  if  we  think  of  this  radial  separation  distance  as  representing  the 
letfjal  radius  against  some  type  of  structure  for  which  the  specified  overpressure 
produces  destructive  damage,  then  it  will  be  seen  that  the  lethal  radius  is 
directly  proportional  to. the  one-third  power,  or  cube  root,  of  yield. 

A  number  of  other  properties  characteristic  of  airhurst  nuclear  weapons  also 
sen'ie  with  ahe  nne-third  power  wf  the  yield.  These  include  the  time  of  arrival  ,of 
the  shock,  the  duration  of  the  positive  pressure  pulse  of  the  shock  wave,  and  the 
total  impulse  imparted  by  the  shock  wave  to  a  structure.  The  one-third  power 
scaling  law  also  applies  to  some  of  the  effects  of  Surface  bursts.  For  instance, 
the  diameter  of  the  crater  dug  by  a  surface  explosion  also  is  proportional  to  the 
one-third  power  of  the  yield  of  the  explosion.  However,  not  all  properties  of 
nuclear  explosions  scale  with  the  one-third  power  of  the  yield.  For  example, 
the  depth  of  the  crater  of  a  surface  burst  scales  more  nearly  with  the  one-fourth 
power  of  the  yield.  Fuilhennoic,  certain  aspects  of  the  thermal  ell'ccts  of  nuclear 
explosions  scale  more  nearly  wiiii  me  one-naif  powci  or  square  root  of  the 
yield.  These  include  the  maximum  thermal  power  emitted  by  the  explosion  and 
the  time  at  which  it  occurs. 

Scaling  laws  .such  as  those  mentioned  abovc.are  particularly  useful  in  nuclear 

weapon  testing  and  the  axsoeiatei!  reduction  of  tost  data,  winch  arc  both 

complex  and  expensive  'operations.  Use  of  these  scaling  laws  permits  the 

application  ol  weapon  elfeets  data  taken  from  the  test  of  a  weapon  ot  a 

particular  y,ieid  to  predict  the  results  that  would  have  been  obtained  from  the 

explosion  of  a  weapon. of  similar  nature  bui  a  dili'erenl  yield.  Furthermore, 

these  scaling  laws  can  he  used  to., predict  the  ell'ccts  of  explosion  at  distances 

fronr  ground  zero  other  than  those  at  which  the  measurements  were  taken.  U  is 

evident  dial  such  scaling  laws  permit  consideiahle  savings  in  both  experiment;*! 

anyl  analytical  efforts  in  those  field s  of  technology  whore  they  are  applicable. 

Thfcre  are.  of  course,  limitations  to  the  usefulness  and  accuracy  of  such  scaling 

laws.  Some  of  these  are  illustrated  in  the  following  discussion.  r' 

.. 

•  ..  ‘  :t  ' 

9.5.  Optima  and  cons' tk  a  in”- it 

To  illustrate  certain  limitations  of  scaling  lav/s,  as  well  as  to  point  out  son  id 
features  of  suboptimization  which  frequently  arise  in  arriving  at  .“optimal 
designs’’  of  aircraft,  let  us  turn  to  an  example  drawn  from  a  design  and  cost 
study  of  subsonic,  turbojet  powered  cargo  aircraft.  The  results  of  interest  to  us, 
for  illustrative  purposes,  are  contained  in  Fig.  9.4.  Consider,  for  the  present, 
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’  unly  data  shown  by  the  solid  curves  of  this  figure.  Inch  point  oil  the  upper 
curve  represents  a  dilTci'eiil  airplane  which  is  designed  to  carry  25  IKK)  ib  of 
payload  for  a  total  range  ol  2500  n  ini  at  the  design  cruising  speed  indicated,  hv 
the  horizontal  scale.  The  lower  curve  represents  similar  but  larger  aii  planes 
which  are  designed  to  carry  a  payload  til  50  000  lb  for  various  design  cruising 
speeds,  but  for  the  saute  range  of  2500  n  ini.  Hie  vci  Heal  scale,  labeled  "cost 
,,  index",  and  expressed  in  cents  per  Ion  nautical  mile,  is  a  measure  of  the  direct 
updating  cost  of  these  aiicrafl.  I  he  general  shape  ol  these  curves,  which 
display  some  nninpHiui  cost  at  some  "optimum  tie-sign"  riuishig  speed,  is  the 
result  of  the  inter aev..,.*  of  two  opposing  factors,  hirst,  an  inerea'ie  in  cruising 
speed  reduces  the  contribution  to  cost  per  mile  Mown  of  those  elements  of  cost 
that  lend  to  lie  constant', per  hour,  such  as  the  pay  of  the  crew  or  amortization 
charges  of  the  airplane.  The  second  factor  represents  the  -.Meet  ol  iucicaxing 
eiuising  speed  beyond  a  certain  level,  which  results  in  red1, icing  the  aerodynamic 
and  structural  efficiency  of  subsonic  aircialt. 

The  fact  that  aircraft  designed  for  25  non  II.  payloads  and  ibose  designed  for 
50  000  'b  payloads  have  different  curves  lor  cost  index  versus  eruisiug. speed  is 
an  indication  that  here  the  previously  discussed  linear  sealing  law  for  transpor¬ 
tation  systems  does  not  apply.  Since  the  cost  index  is  the  cost  of  transporting 
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otic  ton  of  payload  for  one  mile,  one  might  expert  this  cost  to  he  the  same 
whether  that  ton  of  payload  is  carried  in  an  airplane  designed  to  carry  2?  000  in 
ot  payload  or  in  one  designed  for  50  OOt)  lh.  The  reason  this  is  hot  so  is  evident 
from  the  data  in  Table! .9.1. 

•V 

I  MU  I  9.1 

t  haiueterisiics  of  airplanes  with  design  cruising  speed  equal  to  350. kn  .. 

Design  payload  Gross  weight  GrossAveighl/  Cost  index 
(1000  lh)  (1000  lh)  Design  payload  (cents/ ton  n  mi) 


25 

150 

•  6.0 

7.1 

50 

250 

5.0 

5.4. 

u 

■  1 00 

500 

5.0 

1 

This  table  gives  ehaructei islics  of  three  aircraft,  which  have  design  payloads 
of  25  000.  50  000,  anti  100  000  lh.  The  third  column  of  figures  indicates  (hat 
tlie  ratio  of  airplane  gross  weight  to  payload  is  six  to  one  for  the  smallest 
aircraft,  and  five  to  one  for  the  two  largci  ones.  The  reason  for  (his  effect  is 
that  all  airplanes  have  certain  common  elements,  such  as  crew  eompai (incuts, 
radio  equipment,  etc.,  which  constitute  a  larger  fraction  o!  the  weigh!  mid 
Volume  of  the  .smaller  airplanes  than  of  the  larger  ones.  In  our,, example,  this 
elfeet  becomes  negligible  for  airplanes  larger  (ban  250  ()()()  lh;  so  that  for  air 
planes  larger  than  this,  the  linear  scaling  !u\v  between  gross  weight  and  payload 
applies  quite  accurately.  The  last  column  in  fable  9.1  shows  that  a  similar 
ell'ect  is  taking  place  with  respect  to.  the  unit  cost  (cents  ion  n  mi)  ol  1 1  lose 
aircraft,  lhe  explanation  is  also  siniilai  ijince  eeilain  “fixed'’  cost  items  such 
as  crew  pay  and  allowances,  basing  ensis  and  some  maintenance  cost  items 
constitute  a  larger  fraction  of  total  post  for  the  smaller  aircraft  than  for.  the 
larger  ones. 

1  lie  observed  ell'ecl  of  reduction  in  unit  costs  with  increasing  payload  ol  the 
transput!  vehicle  occurs  very  frequently  ii*  t the  analysis  til  ti  anspml  systems, 
at  least  at  this  particular  level  of  ‘  suhoptimi/'atioif'.  ii  must,  he  kept  in  mind 
that  when  aircraft  characteristics  such  .as  these  are  combined  with  the  ciiarac- 
tei  islics  of  the  cargo  route  structure,  or  the  cargo  agin  to  he  done,  then  the 
smaller  Heel  si/.e  associated  with  the  larger  ;iil  plane  may  lead  to  greater  diili- 
i  nliies  of  scheduling,  ui  an  operation  wherein  the  aiivrall  is  carrying,  on  the 
average,  considerably  less  iiian  its  design  cargo,  ft  shonl.l  he  noted  dial  die  cos! 
data  shown  in  fig.  9.4  does  not  account  for  lliis  since  il  is  based  on  the  implicit 
assumption  that  all  airplanes  are  carrying  their  lull  design  payload. 

The  reason  lor  the  appearance  of  ’a  minimum  cost  lor  a  particular  payload 
class  of  aircraft  has  been  pointed  out  belore.  In  addition,  ii  should  lie  ohseived 
that  this  minimum  on  the  curve  is  quite  “Hal''  in-  the  -sense  ithal  all  airplanes 
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designed  for  a  cruising  speed  between  300  and  430.  kn  have  cost  indexes  which 
lie  within  10  per  cent  of  the  minimum  value,  t  hus,  on  the  basis  of  those  factors 
considered  explicitly  in  the  construction  of  Fig.  9.4,  a  variation  in  design  and 
cruising  speed  by  as  much  as  one-third  from  the  theoretical  optimum  value, 
produces  such  small  changes  on  the  calculated  cost  index  that  the  choice  of  a 
design  cruising  speed  would  probably  be  made  on  the  basis  of  factors  beyond 
the  scope  of  this  particular  analysis,  since  extraneous  factors  generally  exert  a 
greater  influence  on  a  cost  index  than  the  speed  variations  shown  here. 

The  flatness  of  those  curves  in  the  region  ot  their  minimum  is  by  no  means 
unusual.  In  fact,  experience  at  rand  has  led  to  the  belief  that  the  flatness  of 
such  curves,  which  define  an  optimum  in  a  technical  or  economical  application, 
is  the  general  rule.  Thus,  whenever  a  very  sharp  maximum  or  minimum  appears 
in  a  curve  of  this  sort' tits  analyst  should  regard  it  with  considerable  suspicion. 
The'1  appearance  of- a  sharp  optimum  generally  implies  that  some  artificial 
consti . -lint  has  been  introduced  somewhere  in  the  analysis,  frequently'  in¬ 
advertently  so  that  not  all  significant  factors  in  the  design  of  a  hardware 
system  or  its  operation  have  been  properly  optimized.  Fiequcmly,  of  course, 
such  artificial  constraints  must  he.  introduced  intentionally,  because  they  are 
part  of  tile  real  woilil  which  the  analysis  tries  to  approximate.  We  shall  illustrate 
the  implications  nl  such  constraints  by  the  broken  curves  shown  m  fug.  9.4. 

Faelt  point,  aloii'g  the  solid  curves  represents  an  airplane  which  differs  from 
its  neighbor  both  with  respect  to  cruising  speed  and  gross  weight.  This  implies 
that  the  si/e  and/or  number  of  engines  required  also  change  along  either  of 
these  solid  curves.  In  particular,  the  dotted  circles'  denote  those  airplanes  which 
could  be  powered  by  four  tiuhoict  engines  of  luu()()-ili  rated  thrust  each.  'The 
dotted  triangles  denote  larger  iuhI/oi  (aster  aiiplanes  which  could  he  poweicd 
by  Ion  ;.  tiirbnjets  having  ISOODlh  thrust  each  The  hioken  curves  ■  indicate 
various  possible  airplanes  which  could  he  powered  by  each  of  the  engine  types 
indicated.  Along  either  of  these  curves,  the  total  engine  tin  ust  remains  constant 
and  consequently  the  design  payload  decreases,  as  does  the  gross  weight,  when 
the  ci uising  speed  is  increased.  Note  that  these  broken  euivcs  aie  consulci „bly 
steeper  than  the  solid  ones  because  ot  tin*  more  severe  requirement  that  engine 
thrust  he  kept  constant  as  the  speed  is.lncrcascd.  l  et  us  examine  what  the 
consequences  ot  this  situation'  might  oc. 

to  illustrate  an  extreme  ease,  consider  die  hypothetical  situation  wlieie  a 
design  requirement  has  been  issued  for  a  him -engine  aircraft,  which  is  to  have 
a  design  range'  <>t  tint)  n  ini' and  a  .design  payload  ol  25  000  lb.  Suppose, 
furthermore,  that,  only  one  type  j> I  engine  w'd!  he-.available  in  the  time  period 
for  which  it  is  required,  and  that  this  happens  to  lie  an  engine  of  l5'iK;t)-lb 
thrust.  Under  these  uiilonunate  circumstances,  the  designer  has  little  choice  hut 
to  design  the  airplane  represented  by  the  triangle  in  the  upper  right  corner  of 
Fig.  9.4.  This  airplane  has  the  high  cost  index  of  eleven  cents  per  ton  n  mi, 
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hecause  the  use  of  this  relatively  large  engine  with  the  relatively  Small  airplane 
results  in  a  design  speed  which  is  much  higher  than  necessary  foi  economical 
operation.  If,  however,  the  payload  specification  had  been  stated  more  flexibly, 
such  as  “the  design  payload  is  to  be  on  the  order  of  20  000  to  50  000  lb”,  the 
designer  would  he  able  to  come  up  with  an  aircraft  more  nearly  like  the  lower 
triangle,  which  has  a  cost  index  nearly  half  that  of  the  upper  triangle,  and  at  a 
reduction  in  design  cruising  speed  of  less  than  20  per  cent.  The  .moral  of  this 
illustration,  is  that  wherever  possible,  design  requirements  should -be  stated  in 
•as  flexible  a  fashion ‘as  possible  so  that  a  hardware  designer  can  exploit  the 
number  of  trude-ofTs  available  to  him  to  the  best  ultimate  advantage  ul  the 
customer;  particularly  in  common  situations  where  unavoidable  practical,  con¬ 
straints,  like  engine  availability,  severely  "curtail  the  number  of  trade-oil's  which 
are  possible. 

9.6.  RlU.IABU  ITY  t  ONSIOHRATIONS  .. 

.1 

Farlier  we  defined  a  performance  parameter  as  a  quantity  which  describes 
the  capability  of  a  particular  hardware  item.  Perhaps  it  would  be  wise  to  modify 
the  last  phrase  to  read  “the  capability  of  the  item  if  all  its  components  function 

li  rf  i 

properly  ’.  If  one  or  more  components  of  an  aircraft  or  a  missile,  for  example, 
do  not  pci  form  properly  or  fail  altogether,  then  performance  may  he  degraded 
considerably  below  the  values  we  discussed  earlier.  Disastrous  consequences 
may  even  ensue.  Reliabi’ity  analysis  concerns  if  sell  principally  with  two  aspects 
of  this  problem  (1)  trying  to  estimate  the  probability  of  failures  of  this  sort, 
and  (2)  trying  to  influence  hardware  design  and  operation  so  as  to  reduce  the 
probability  of  component  or  system  failure,  or  at  least  to  reduce  the  severity 
of  the  consequences  should  failure  occur.  Here  we  illustrate  -mine  of  the 
problems  encountered  and  principles  involved  in  such  analysis  by  considering 
the  hazards  of  vertical  ascent  and  transition  to  horizontal  flight  of  a  muitiengine 
vertical  takeoff  aircraft. 

Figure  9,5  shows  schematically  the  situ?., ion  >*..  be  analyzed.  This  vro 
-  >• 
aircraft  rises  vertically  by  means  M  the  t.hrust  exerted  by  several  vertically 

mounted  jet  engines,  their  iiufnber  being  arbitrary  at  tiiis  point.  Alter  the 

aircraft  ascends  to  a  height  sufficient  for  terrain  clearance,  noise  considerations, 

etc.,  the  thrust  vector  is  inclined  toward  the  bdr;-'.onta!  and  the  airplane  makes 

k  gradual  transition  to  normal  forward  flight.  Consider  now  the  consequences 

of  the  failure  of  'onr  jet  engine,  as  a  function  ot  the  altitude  at  which  loss  of 

thrust  occurs,  it  an  engine  should  fail  during  the  mr.-iip  period  while  the 

airplane  is  still  on  the  ground,  the  remaining  engines  can,  of  course,  be  turned 

.mf  v/ishbuf  damage  to  the  airplane  or  harm  to  its  crew..  If  this  is  a  combat 

airplane  employed  during  wartime,  an  aborted  mission  may,  /of  course,  bdi  a 

very  undesirable  event,  If  engine  failure  occurs  after  the  aircraft  has  Iiftec|  Jjust 

a  lew  feet  otf  the  ground,  the  airplane  strikes  the  ground  mote  or  less  hart!,  but 
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Fig.,  9.5  Schematic  representation  of  hazards  in  yio  ascent  with,  engine  tailing 

i 

the  shock -absorbing  system  in  the  landing  gear  prevents  damage  to  the  aircraft 
or  injury  .to  the  crew.  If  the  engine  should  tail  at  a  somewhat  liighoi  altitude,  the 
pilot  may  be  able  to  negotiate  a  “controlled  eras.ii,':Jiiding"'.i in  which  the  airpiane 
may  be  damaged  more  or  less  'severely  -hut  the  crew  estates  injury.  Jry  this 
instance,  not  only  is  the  mission  aborted  but  the  aircraft  may  he  out  of  com¬ 
mission  tor  a  considerable  period  of  time,  if  engine  failure  Occurs  at  still  higher 
•  ultiludcs,  the  resulting  crash,  even  if  controllable, ilmav  result  in  injury  to  the 
Crow  as  well  hs  in  damage  or  destruction  to  the  aircraft.  If  engine  failure  weie 
delayed  to  somewhat  higher  altitudes,  sav  on  the  order  of  200  lt:i,  it  might  he 
possible  for  the  crew  to  eject  and  to  make  a  safe  parnehuie  landing,  although 
lithe  aircraft  would  undoubtedly  be  destroyed-. 'll  engine  failure  were  m  occur 
aflei  transition  to  horizontal  (light  is  substantially  completed,  then  it  may  be 
possible  to  perform  a  more  or  less  conventional  horizontal  landing,  which  again 
results  in  an  aborted  mission,  though  hopefully  without  damage  lodhc  aircraft 
or  injury  to  the  crew.  Finally,  it  is  hoped  that  in  the  overwhelming  majority  of 

■J  For  the  pui  puses  of  the  present  example.  It  is  recognized  that  ejection  seats 
can  be  built  for  safe  ejection  from  ground  level.  ■ 
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cases  no  engine  failures  at  all  will  occur  and  that  tin,*,  aircraft  makes  a  successful 
transition  and  carries  out  its  mission  as  planned. 

The  probability  with  which  each  of  these  possible  outcomes  will  occur 
depends,  of  course,  on  a  number  of  factors.  These  include  the  inherent  reliability 
of  each  engine,  that  is,  the  probability  that  any  one' engine  will  fail  during  the 
ascent  maneuver;  the  number  of  engines  installed  in  the  airplane;  and  the 
.nature  of  the  trajectory  used  for  ascent  anti  transition!.  Figure  9.6  shows 
quantitatively,  for  illustrative  purposes,  the  outcome  of  such  a  calculation  The 
horizontal  scale  indicates  the  number  of  engines  installed  in  the  aircraft.  The 
vertical  logarithmic  scale  indicates  the  probability  with  which  various  events 
depicted  by  the  curves  arc  expected  to  occur.  All  of  the  data  shown  in  this 
figure  arc  based  on  the  arbitrary  assumption  that  the  probability  that  anyone 
engine  will  fail  at  some  time  during;'  the  ascent  and  transition  maneuver  is  1 
per  cent  (/.q  0.01)'. 

As  shown  by  the  upper  curve,  the  probability'!  of  aborting  the  mission 
increases  with  the  number  of  engines  from  1  per  cent  upward  because  the 
more  jenginex  there  ale  the  greater  ihc  piohability  that  at  least  one  will  fail. 
Hence,  if  the  avoidance  of  abutted  missions  were  the  chief  and  sole,  require¬ 
ment,  a  single-engined  aircraft  would  he  preferred. 

in  a  similar  manner  the  “probability  of  damaging  t'nc  airplane  during  the 
ascent  and  transition  maneuver  depends  on  Ihe  number  of  engines.  However, 
lor  any  number  of  installed  engines  this  probability  is  always  slighlly  lessThan 
tiie  probability  of  aborting  the  mission  because  engine  lailure  may  ocelli  while 
the  aii craft  is  still  on  the  ground  or  at  a  few  feet  of  altitude.  Hpwevpr,  when 
the  number  of  engines  gels  large,  say  on  the  order -of  il  or  more,  'he  loss. of 
one  engine  will  not  be.  serious  since  its  thrust  is  such  a  small  fraction  of  the 
total  that  the  iiin  raft  can  negotiate  a  landing  with  a  very  iow  sinking  speed. 
However,  even,  fop  large  numbers  of  engines  the  probability  of  damaging  the 
aircraft  does  not  drop  to  zero,  but  to  some  low  finite  level  which  represents  the 
probability  that  two  engines  may  fail  under  eiicumslaiiccs  which  will  result  in 
damage  to  the  airplane.  As  shown  ivy  the  lower  light  portion  of  the;  middle, 
curve,  this  probability  of  damaging  the  airplane  due  to  failure  of  tvJ'o  engines 
.i!  ,o  increases,  though  dowry,  'with  iwrthei  increase  in  the  number  of  engines, 

1  he  lowest  curve  in  Fig.  9.6, ■ '(lefinifjg  the  probability  of  injuring  the  crew, 
is  similar  in  nature  to  that  lor  damage  of  the  airplane,  as  just  discussed.  How¬ 
ever,  the  probability  of  injuring  the  crew  is  always  less  titan  that  of  dauia.viiu> 
the  aii  piano  because  of  the  assumed  ability,  of  the  crew  to  escape  unitfjufed 

*  The  ordinates  calculated  in  Fig.  9.<i  approximately  tollow  a  linear  sealing  law. 
This  means  that  the  scale  shown  on  the  left  si'de  actually  represents  a  ratio  of  die 
probability  of  the  occurrence  of  one  of  the  compound  events  (i  c.,  aborting  the 
mission  oi  damaging  the  airplane,  etc.)  to  fhe  probability  of  failure  of  any  one 
engine.  y 
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Fig.  9.6  P.cliability  aspects  of  miiiticngine  vro  an  plane 

from  a  “controlled  crash  landing”,- as  welt  as  its  ability  to  eject  safely  should 
engine  failure  occur  above  some  critical  altitude. 

Figure  9.6  is  presented  not  for  the  quantitative  information  which  it  contains 
but  rather  to  impress  upon  the  reader  two  important  points,  l  he  first  of  these  is 
that  the  term  “reliability”  in  a  quantitative  sense  is  nearly  meaningless  by  itself 
because  the  number  that  one  calculates  ior  the  reliability  of  the  hardware  device 
depends  very  strongly  on  the  criterion  that  is  adapted  for  measuring  this 
reliability.  Thus,  to  cite  an  extreme  case  in  this  particular  example,  the  proba¬ 
bility  of  aborting  a  mission  with  a  12  engine  airplane  is  roughly  one  thousand 
times  at  great  as  the  probability,  of  injuring  the  crew.  Of  course,  the  question  as 
to  which  criterion  is,  the  appropriate  one  to  use  cannot  be  answered  oil  the 
basis  tfjf  the  limited  Calculation  presented  here  for  discussion.  The  choice  of  an 
appropriate  reliability  criterion,  whether  it  is  one  of  those,  illustrated  here  or 
some  other  one,  must-  of  necessity  come  from  a  much  broader  consideration  of 
the  function  and  operation  of  the  particular  vertical-takeoff  aircraft  under 
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consideration  in  a  complete  military  or  commercial  system.  A  second  point 
worthy  of  note  is  that  reliability  is  by  no  means  necessarily  a  smooth  or  mono¬ 
tonic  function  of  the  number  of  components,  such  as  the  number  of  engines  in 
our  example  here.  For  example,  if  one  desired  to  minimize  the  probability  of 
injuring  the  crew,  and  an  aircraft  with  12  or  more  engines  was  considered  to  be 
impractical  from  a  logistic  point  of  view,  say,  then  it  might  be  preferable  to 
decide  on  a  single-engine  aircraft  (provided  a  large  enough  engine  is  available) 
rather  than  on  one  designed  with  •‘some  intermediate  number  of  engines, 
such  as  six.  1 

Unfortunately,  Fig.  9.6  contains  a  most  unrealistic  simplifying  assumption. 
This  is,  as  previously  mentioned,  that  the  probability  of  having  any  one  engine 
fail  is  the  sam%  namely  1  per  cent,  for'  all  sizes  of  engines.  Since  in  the  real 
world  engines  of  different  size  are  generally  produced  by  different  manufac¬ 
turers,  have  different  detailed  arrangement  and  functioning  of  their  components, 
as  well  as  different  histories  and  service  life,  their  individual  probabilities  of 
failure  in  a  specified  operating  time,  can  also  be  expected  to  vary.  The  conse¬ 
quence  of  such  variation  in  unit  failure  probability  of  engines  is  illustrated  in 
Table  9.2."  • 

Tabu;  9.2 

Effect  of  variation  in  unit  failrre  probability  of  engines 


a. 


Probability  that 

Probability  of 

Number  of 

any  one  engine 

injuring  crew/ 

engines 

fails 

/’  l 

Resulting  probability  1 

(N) 

(Pi)  ' 

(From  lug.  9.6) 

of  injuring  crew 

10 

0.01  . 

0.6 

i  0.6  X  0.1)  i  ..  .0.0060 

6 

0.001 

11 

1.1  V  0.001  =  0.00!  !' 

The  first  line  of  the  table  represents  a  10-engine  airplane  design  using  engines 
having  a  1  per  cent  probability  of  failure  (as  assumed  m  lug  0  n)  As  shown  by 
the ''lower  curve  of  Fig.  9.0.  the  associated  probability  of  injuring  the  crew  is 
0  006.  I  he  second  case  considered  is  that  of  a  6-engine  airplane  wheicin  each 
of  the  larger  engines  is  more  reliable  than  those 'considered  before,  having  a 
unit  probability  of  failure  of  only  0.001.  The  resulting  probability  of  injuring 
the  crew,  is- 0.001 1,  which  is  less  by  a  factor  of  live  than  the  probability  of 
injuring  the  crew  with  the  10-engine  airplane.,  despite  the  impiev.ion  given 
by  Fig.  9.6. 

9.7.  Summakv 

The  purpose  of  this  chapter  has  been  to  present  some  technological  considera¬ 
tions  pertinent  and  vital  to  analysis  "for  military  decisions.  These  considerations 
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have  been  presented  by  means  of  a  number  of illustrative  examples  drawn  from1 
a  variety  of  technical  fields.  While  these  examples  are  of  considerable  interest  in 
themselves,  they  have  been  used  chietb'  to  illustrate  the  following  principal 
points. 

1.  A  performance  parameter  (like  speed  or  alLitude)  is  a  description  of  a 
capability  of  a  piece  of  hardware  and  not  a  measure  of  its  intrinsic  worth 
(military  or  economic), 

2.  The  performance  capability  of  a  vehicle,  or  other  hardware  item,  can 
readily  be  extrapolated  in  terms  ol  specified  clmn^es  in  stLite-ol-tlie-mt 
parameters  (like  specific  impulse)  but  not  directly  in  terms  of  calendar 
time  or  dollar  cost. 

3.  Use  of  design  tricks,  like  rocket  staging,  can  he  important  supplements  to 
basic  state-of-the-art  advances  for  increasing  hardware  capabilities. 

"4.  Physical  scaling  laws  are  very  useful  in  understanding  the  principal  physical 
interactions  in  a  system  or  analysis  as  well  as  for  economy  in  calculation 
ami  expei mieniation.  their  limits  of  application,  particularly  where 
economic  factors  are  concerned,  should  be  recognized, 
h.  Physical  and  economic  optima  curves  are  generally  “Hal"  when  aililicia! 
constraints  are  avoided. 

6.  Where  practical  cousti  aints  limit  Hie  number  ol  choices  available  io  ihe 
hardware  designer,  it  ‘js  important  lo  speedy  design,  requirements  in  a 
llexihle  laxluon  So  that- beneficial  trade  oils  can  he  exploited. 

7.  I  lie  •  i  itei  ion  of  ei  ilel  ia  b\  which  reliability  is  to  be  u 
deal  Iv  deli ned. 
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10. 1.  In  i  Rontu  i  kin 

In  any  analysis  that  leads  |,y  a  choice'  of  a  particular  strategy  or  weapon 
system  from  among  several  alternatives,  there  is  typically  some  assumption 
about  the  behavior  of  the  enemy.  If  it  is  not  explicitly  stated,  it  is  embedded 
somewhere  in  the  analysis.  The  weapon  system  or  strategy  that  appears  best  for 
us  usually  depends  on  what  Weapon  system  or  strategy  the  enemy  is  expected 
to  have.  i, 

(t  might  seem  that  we  could  always  be  on  the  safe  side  by  assuming  that  the 
enemy  will  just  do  his  worst  to  us.  Hut  the  worst  that  he  can  do  to  us  is  not 
necessarily  the  best  that  he  can  do  for  himself.  The  idea  of  dyterrenre.  for 
example,  rests  on  the  possibility  of  making  the  worst  for  us  (being  struck  by 
surprise)  coincide  with  something  pretty  bad  for  the  enemy  (retaliation).  To 
■*ssum>'  tiitit  he  would  suc.oly'  or-,  ms  woist,  tl'ct afore,  would  1-e  to  assume  (lie 
inevitability  ot  a  wai  to  the  Smish. 

I’mt  even  in  the  eases  whgiVour  lii:?!-ests*.ipd  d'ose  Of  the  civ-my  are  sirieily 

opposed,  we  stih  cannot  pin  down  the.  enemy’s  behavior  bv  i i ist  assuming  that 

lm  will  do  his  worst.  Tile  icason  is  diui  he  is  in  much  .‘he  same  position  as  we. 

While  the  best  choice- for  us  depends  ouwhat  he.  is  going  to  do.'liis  best  choice 

depends  on  what  we  are  going  to  do.  We  want  to  know  what  air  defense  he  is 

going  to  have  when  we  design  our  bombing  system;. lie  wants  to  know  what 

bombing  system  we  are  going  to  have  when  he  designs  his  air  defense.  While 

We  are  trying  to  .exploit  the  weaknesses  of  his  system,  lie  is  trying  to  exploit! 

the  weaknesses  nl  ours.  1  he  only  sale  assumption  that  we  can  make  is  that  ihe 

enemy  will  be  adaptive:  to  the  best,  of  Ids  ability  he  will  adapt  bis  system  to  what 

he  knows  or  can  predict  about  ours.  -  , 

.1 

inis  means  that  ws-  have. to  do  systems  research  tor  ihe  enemy  as  well  a.s  loi, 
ourselves  T.r  anticipate  his  strategy  and  choice  of  weapons  wejiave  to  look  al 
the  problem  from  his  point  .of  view.  And  while  there  are  naturally  diifercncc: 
in  the  detail  with  which  we  study  his  piohlem  anii  oni  uwii,  the  {logic  ol  sv'dams 
research  requires  us  to  play  both  sides  of  the  game. 

We;  can  place  this  problem  in  the  broader  context  of  planning  with  un¬ 
certainly.  In  almost  ariv  analysis  of  alternative  weapon  systems  we  face 
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uncertainty.  One  of  the  many  sources  of  uncertainty  is  the  enemy  hiqisclf;  wc 
uo  not  know  as  much  as  we  would  like  to  know  about  how  he  would  perform 
in  a  war,  how  good  his  technology  is,  how  rapidly  his  research  and  development 
are  progressing,  how  cohesive  the  Soviet  bloc  will  be,  and  so  forth.  Among 
these  uncertainties  about  the  enemy  there  are  some  that  are  particularly 
intriguing  because  they  involve  the  decisions-  that  he  is  going  to  make.  They  ' 
involve  what  he  knows  or  guesses  about  what  >ve  can  do  and  about  the  decisions 
that  vve  are  going  to  make.  There  afe,  in  other  words,  certain  decisions  that  we 
and  the  enemy  make  in  which  we  aie  hying  to  Outguess  each  other  and  to  'avoid 
being  outguessed,  and  trying  to  adapt  io  the  decisions  anu  choices  that  each  of 
us  has  already  made  and  to  forecast  the  choices  or  decisions  that  each  of  us  is 
going  to  ho  led  to.  That  is  the  particular  kind  of  uncertainty  discussed  in 
this  chapter. 

I  warn  the  reader  in  advance  that  in  trying  to  come  to .  grips  with  this 
particular  kind  of.  uncertainty  we  are  necessarily  dealing  with  intangibles.  We 
are  dealing  with  the  enemy’s  expectations  rather  than  his  capabilities,  it  is  worse 
than  that.  Wc  arc  not  just  dealing  with  the., enemy’s  expectations  about  future 
events,  but  with  his  expectations  about  what ‘we  are  expecting  of  him.  This  may 
be  an  uncomfortable  kind  of  analysis  to  gel  engaged  in,  but  there  is  no  com¬ 
fortable  alternative,  if  wc  make  the  optimistic  assumption  that  we  can  guess 
what  the  enemy  is  aciually  going  to  do,  or  that  whatever  wc  do  he  will  be  caught 
doing  exactly  what  we  want  him  to  do,  we  shall' he  resting  bur  whole  strategy 
on  the  precarious  assumption  that  our 'enemy  is  foolish.  If  wc  go  to  the  other 
extreme  and  make  the  cnnsei  live  assumption  that  whatever  we  choose  to  do 
the  enemy  wiii  always  have  outguessed  us  in  advance.,,  we  are  not  only  being 
pessimistic  and  perhaps  missing  some  opportunities,  but  we  ;ux  supposing  that 
the  enemy  knows  what  decisions  we  are-going  to  reach  hefotc  we  have  reached 
them.  Either  of  these  two  extremes  is  so  unsatisfactory  that,  whether  we  enjoy 
it  or  not,  wc  have  to  devise  some  means  for  coping., with  the  intangibles. 

10.2.  An  ii  i  usTKATivr.  probiemi'ioi  choice  among  ai  thknat  ivk  weapon 

SYS  1  IMS 

1  want  to  organize  my  discussion  around  a  specific  example.  Hut  I  am 
confronted  with  a  dilemma.  If  1  pick  an  actual  example  of  a  problem  that  rand 
has  worked  orr,  it  will  be  for*  large  to  handle  in  a  short  presentation  and  too 
complicated  to  make  my  plaints  stand  out  clearly  At  the  other  extreme  I  can 
deal  with  A,  B,  and  G,  and  X,  Y,  and  Z,  which  have  the  virtue  pi  being  honest- 
about  then  hypothetical  nature  hut  are  not  vivid  enough  to  keep  in  mini!,  i  am 
going  to  compromise.  I' shall  talk  about  the  problem  of  choosing  a  weapon! 
system  for  bombing  the  Soviet  Union  from  among  three  hypothetical  alterna¬ 
tives,  A,  B,  and  G,  but  to  enrich  the  illustration  l  shall  give  the  strategies 
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descriptive  names.  To  keep  the  example  manageable  1  am  go.ing  to  do  violence 
to  the  facts  and,  give  these  attacks  attributes  that  provide  a  versatile  illustration 
rather  than  a  set  of  valid  estimates. 

Attack  strategy  A  will  involve  short-range  aircraft  based  overseas  at  several 
points  near  the  Soviet  Union.  B  is  an  intercontinental  strike  along  dogleg  roiites 
that  minimize  penetration  distances  within  Soviet  territory.  V  is  an  inter¬ 
continental  strike  along  routes  that  juinimij'c  fuel  consumption.  We  shall  suppose 
that  overseas-based  bombers,  because  they  are  vulnerable  to  counterattack  on 
their  bases,  have  little  likelihood  of  carrying  out  more  than  one  strike,  while  the 
inici continental  systems  involve  a  safer  system  of  basing  Attacks  B  and  C, 
therefore,  involve  a  smaller  number  of  more  expensive  bumf  .'CIS  cuj uiblc  of 
repeated  strikes;  they  differ  from  each  other  in  that  B  enjoys  less  exposure  over 
enemy  territory,  while  C  enjoys  superior  performance  due  to  shorter  flying  time 
and  less  dependence  on  refueling  in  flight,  plus  some  economy  in  the  use  of 
tankers  that  can  finance  a  somewhat  larger  number  of  bombers.  In  summary: 

Attack  A  —  overseas- based  sti  ike. 

Attack  B  intercontinental  strike,  minimum  penetration,  J 

Attack  C  intercontinental  strike,  minimum  range. 

Against  any  one  of  these  three  bombing  systems  the  Russians  could  devise  a 
“best”  defense.  By  “best'’  I  mean  best  against  the  darliculai  American  attack 
■.haf  the  defense  is  designed  to  meet.  The  alternative  Russian  defense  strategies, 
we  shall  assume,  dillVr  according  io  two  main  factors.  1'he  li.rst  is  location: 

against  Attack  ('  they  wo"kl:  base  their  interception  equipment  in  the  general 

direction  of  the  United  States,  while  against  either  the  overseas-based  or  the 
dogleg  attack  they  would  distribute  their  interception  equipment  more  widely. 
.Secondly,  their  equipment  depends  or,  wliciiser  they  expect  one  large  attack 
mini  a  nearby  and  highly  vulnerable  American  base  system. -or  repeated  attacks 
by.  a  smaller  number  el  longer  range  bombers  t  I  he.  importance,  for  example, 
of  intercepting  Ameiiean  bombers  on  the  iVay  home  from  target  depends  on 
which  system  the  Americans  use.)  In  summary: 

Defense  A'  ■  best  against  Attack  A. 

Defense  IT  -  best  against  Attack  B,  :  :  ‘‘ 

■I 

Defense  O' '  -  best  against  Attack  (". 

*"  r  , 

•i*  '  ■ 

What  makes  the  problem  interesting  is  that  the  Russian  defense  that  is  best 
against  a  particular  one  of  our  three"  attacks  may- mot.  he  ilie  best  against  ail- 
three  of  our  attack’s.  So  the  Russians  may  not  be  able  to  cltoosc  their  weapon 
system  for  defending  against  our  attacks  unless  they  eari  make  a  guess  at  what 
decision  wc  will  reach  in  deciding  among  our  ihicc  attacks.  But,  m  flic  same 
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way.  our  choice  among  the  three  available  attack  sti  a.iegies  depends  on  a  guess 
of  what  defense  strategy  our  attack  must  penetrate  f  spi  going  to  assume,  in 
other  words,  that  we  do  not  enjoy  the  luxury  of  a  "dominant”  strategy  -  one 
that  is  superior  to  the  alternatives  no  matter  what  defense  the  Russians  choose, 
lit  my  example,  furthermore,  no  one  of  the  three  is  definitely  inferior  to •  the 
tithe1  two,  either;  each  of  our  three  attack  strategies  can  boast  of  being  the  best 
one  against  at  least  one  type  of  Russian  defense¬ 


s\l)pt  PiU.  illflg  lilc  *  rOuivm  \>)  mm.  t: 

iflow  do  we  decide  which  one  to  choose'.'  (lie  lirst  point  to  notice  is  that  we 
arid  the  Russians  have  comparable  problems;  our  situations  are  symmetrical  so 
long  as  neither  one  of  us  tips  his  hand  prematurely.  In  effect,  we  have  to  try  to 
guess  what  they  will  guess  that  we  will  do.  To  put  it  ciill'crontly ,  we  have  to  play 
both  sides  01  this  game  it  we  want  to  figure  out  what  it  is  reasonable  for  us  to 
do  if  the  Russians  succeed  in  doing  what  it  is  reasonable  for  them  to  do. 

As  a  first  step,  we  might  i;mk  our  three  possible  strategics  as  "best”, 
“medium”,  anil  “worst”  against  each  of  llie  threes  Russian  defenses  separately. 
If  we  do  we.  may  get  a  table  something  like  Table  10.1.  (Note  that  the  three 
attacks  arc  being  compared  in  each  column  with  the  particular  defense  listed 


Tahi  r  1 0.1 

!'. valuation  of  attack  sti elegies 

Defense 

Attack  A'  It'  < 


i\  worst  best  nest  ■■ 

ft  medium  Worst  medium 

C  ,  best  medium  worst 


There  arc  three  points  to  piake  m  connection  with  Table  10.1.  First,  it  is 
drawn  up  oil  the  basis  of  what'  wc  might  call  “objective''  estimates.  That  is, 
it  depends  m;  what  we  estimate  to  be  the  outcomes  of  a  set  of  specified  clashes. 
The  judcri'i I’nts/exp ress cd  ill  lids  table  make  no  assumptions  nhottt  the  enemy's 
i /.mice..  They  ’(imply  consider  all  possible  courses  of  enemy  behavior  and  all 
possible  courses  I'm  us.  To  decide  whether  A.  or  It  is  the  better  strategy,  all 
things  considered,  would  depend  on  what  we  expect  the  enemy  to  do;  hut  to 
decide  whether  A  oi  15  is  best  against  Dcluise  A'  we  need  only  to  estimate 
what  happens  it  A  meets  A',  what  happens  if  It  meets  A',  and  which  of  the 
two  looks  belter  to  us. 

Second,  there  is  riu  way  to  choose  among  A.  It.  anil  C  unless  we  have  some 


.hulking  about  the  rein 


likelihoods  of 


in  101  ; 


203 


ASSUMPTIONS'  Alton  T  I.NKMY  lll-jfXVIOR 

Third,  when  the  enemy  looks  at  liis  problem  of  choice  he- presumably  gets 
the  same  compaiisuus  in  reverse.  If  the  outcome  of  A  against  A'  looks  worse 
to  us  than  does  B  against  A',  it  must  took  better  to  the  enemy. 

We  could  pursue  this  problem -in  either  of  two  directions.  One  is  to  ask  h6w 
to  go  about  getting  estimates  of  the  relative  likelihood  of  A',  B',  and  C.'.  Here 
the  problem, gets  circular.  The  choice  that  the  enemy  will  make  depends  on 
which  choice  he  thinks  we  arc  going  to  make;  and  if  that  is  an  open  question, 
there  is  no  way  to  deduce  from  it  what  he  will  do  and  therefore  what  we 
ought  to  do. 

Rrfincmcul  iif  the  Evaluations.. 

The  other  direction  is  to  compare  the  alternatives  in  greater  detail.  Instead  of'" 
comparing  in  each  column  fthai  fis.  for  each  of  his  defenses)  our  three  attacks 
with  each  other,  ief  us  compare  all  nine  possible  outcomes  to  see  which  is  best, 
which  is  next  best,  and  so  ’forth,  all  the  way  down  to  ninth  best  outcome..  Let 
us  estimate,  that  is,  the  consequences  of  Attack  A  against  Defense  A',  Attack  A 
against  Defense  K',  Attack  B  against  Defense  R',  and  so  forth  tor  ail  the  nine 
combinations  We  estimate  such  things  as  how  many  targets  destroyed,  how 
many  aircraft  we  lose,  what' this  docs  to  the  outcome  of  the  war,  and  so  on. 
l  or  simplicity  iet  us  rank  the  nine  possible  outcomes  just  in  order  of  targets 
destroyed,  and  suppose  that  this’ gives  the  result  shown  in  Table  10.2,  where 
rank  I  corresponds  to  the  most  targets  destroyed,  l  his  table,  in  ellecl,  sumnui-. 
rizes  in  relative  terms  an  elaboiatc  computation  cf  target  damage  carried  out 
for  each  of  nine  different,  cases.  Notice  dial,  with' this  table,  we  again  have 
reason  to  suppose  that  the  enemy's  feelings  about  the  relative  dcsirahilily'  of 
these  niitene'ps  are  opposite  to  ouis.  11  otn  object  is  to  maximize  damage,  his 
is  to  minimize  ii;  if  our  first  choice  is  thabonc  among  the  nine  eases  that  yields 
the  largest  number  of  targe  is  destroyed,  that  case  is  his  ninth  choice. 

Taiii.e  SO.?. 

(I.S.  order’ of  pieference  among  outcomes  i 

1  defense 

.  .  Attack  A'  W 

A  ,  V  2  1  i 

'  B  .  4  ,7  6 

C  i  y  k  ’ 

We  can  now  rephrase  the  problem  as  iollpws.  We  have  a  choice  among  three 
strategics,  he  has  a  choice  among  three  strategies.".' ’I  here  are  naie  possible! 
outcomes;  wi*.  have  estimated  enough  to  knov-  our  order  of  preference  among 
those  nine  outcomes,  anil  simultaneously  we  know  his  order  ol  preference 
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which  is  just  the  reverse  of  ours.  The  enemy  and  wo  are  both  contemplating  this 
table,  each  trying  to  make  a  choice  that  is  reasonable  in  the  sense  of  being 
consistent  with  the  other's  best  effort  io  make  his  own  reasonable  choice. 

Here  is  our  chess  game;  but  before  we  break  our  heads  trying  to  wrestle 
with  it,  let  us  sec  whether  it  simplifies  itself  in  special  cases. 

Timing  and  intelligence  Information 

First,  let  us  think  about  who  moves  first.  .Suppose  we  had  to  pick  A,  B,  or  C 
before  the  enemy  committed  himself  to  a  choice  among  A',  find  C'.  (  This 
would  be  the  case  if  our  attack  hail  a  longer  lead  time  than  his  defense,  in 
terms  of  aircraft'  procurement,  airbase,  construction,  alid'  ‘io  forth.)  Knowing 
that  he  gets  the  last  move,  what  is  it  prudent  for  us  to  do?  We  certainly  cannot 
pick  our  “favoritq"  outcome,  our  first  choice  in  the  upper  right-hand  corner, 
which  is  Attack  A  directed  against  Defense  C'.  This  would  he  splendid  it  he 
had  already  committed  himself  to  Defense  C .  But  lie  hasn't;  lie  is  waiting  to 
see  what  we  do.  And  if  we  pick  A.  he  cun  exploit  the  advantage  of  second 
move  by  confronting  us  with  Defense  A\  which  gives  us  the  worst  of  all  nine 
possible  outcomes.  If  we  pick  11,  he  can  hold  us  to  our  seventh  choice  by 
picking  B'.  A.nd  if  we  pick  C,  he  can  pick  C'  and  we  get  uttr  eighth  choice. 
If  he  is  at  all  sensible  these  will  he  his  responses  to  our  choice  of  A.  B.  or 
So  we  know  in- advance  that  we  get  ninth,  sevenih,  or  eighth  on  our  order  of 
prefei cnees,  according  as  we  pick  A,  B,  or  C.  1  lie  best  we  can  do  is  seventh 
place,  so  we  pick  B.  We  have  not  done  very  well,  hut  at  least  we  have  made  an 
intelligent  choice  in  the  face  of  his  having  the  advantage  of  Second  move. 

If  we  had  the  advantage  of  second  move — if  his  defensive  equipment,  and 
structures  had  the  longer  lead  time-  he  would  have  to  look  at  his  fust  choice 
us  we  just  looked  at  ours.  If  we  see  him  choose  A'  we  can  pick  C  and  enjoy  our 
third  favorite  outcome.  If  he  .picks  B*,  or  we  can  pick  A  and  enjoy  our 
second  nr  first  choice.  Knowing  we  can  do  this,  hi:-  lias  to  piij.k  A'.  We  are  it 
good  deal  better  oil  in  this  case  than  when  we  had  to  move!  first.  (A  classic 
illustration  of  this  kind  of  play  and  counterplay  in  the  game  id  weapons 
development  was  the  successive  shift  in  armament,  armor,  and  speed  of  "dread¬ 
noughts”  from  tiie  turn  of  the  century,  to  the  Second  World  War.) 

Notice  that  intelligence  information splays  g  role  here.  If  he  has  to  move  lirsf, 
locating  his  air  buses  or  producing  particular  types  ot  interceptors  with  a  least 
tin’.i-  long  enough,  to  allow  us  to  pick  our  best  bombing  system  in  the  light,  of 
the  choice  that  the  enemy  has  already  made,  we  get  the  advantage. of  second 
move  only  if  we  can  find  out  what  choice  it  is  that  he  has  made.  An  intelligence 
disadvantage  can  cancel  out  a  lead-time  advantage. 

Timing,  then",  and  intelligence  information  are  two  factors  allccting  the 
relation  of  the  enemy’s  heh'Kvior  to  oms.  in  'terms  of  these  two  factors  the 
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problem  may  decompose  itself  into  some  smaller  subproblems.  In  our  illustra¬ 
tive  problem  a  choice  of  A  requires  a  firm  commitment  now  on  the  bases  we 
develop  and  the  aircraft  we  produce,  while  if  wc-  choose  system  B  or  C  we  can 
leave  open  till  much  hiter  the  question  of  whether  it  is  B  or  C  that  we  shall 
finally  decide  on.  If,B  and  C  difi'er  mainly  in  the  attack  routes  involved,  and 
not  so  much  in  the  location  of  bases  or  types  of  aircraft,  wc  may  manage  to 
keep  the  enemy  guessing  up  to  tjie  time  of  his  choice  if  we  pick  B  or  C,  rather 
than  A,  at  the  time  of  our  lead-time  commitment 

Choosing  in" Favor  of  Flexibility  ; 

Notice  that  it  could  be  worth  sonic  extra  expense  to  keep  this  added  flexibility. 
Suppose  that  B  and  C  do  involve”  some  difference  in  the  ratio  of  tankers  to 
bombers,  or  in  the  decoys'l  that  would  go  with  the  attack.  B  involves  longer 
dogleg  routes,  and  more  tankers;  C  might  involve  more  ground-launched  decoys 
to  overcome  the  disadvantage  of  longer  penetration  times.  Because  of  the 
advantage  in  being  free  to  choose  cither  B  or  C  at  the  last  moment  and  to  keep 
the.  enemy  guessing  or  to  make  him  commit  himself  first,  it  might  he  wise  to 
spend  some  extra  money  (even  at  the  expense  of  bombers)  in  order  to  have 
both  the  tankers  required  for  Attack  B  and  the  decoys  required  for  Attack  C, 
even  though  one  of  these  will  eventually  be  somewhat  superfluous  or  of  low 
priority  depending  on  which  attack  is  finally  chosen.  The  enemy  may  also  keep 
us  guessing.  It  may  he  that  wc  have  better  intelligence  about  the  type  of  equip¬ 
ment.  he  possesses  than  about  the  location  of  his  air  defense  bases.  In  that.  case, 
we  could  tell  early  whether  his  equipment  was  suitable  to  a  Defense  A'  or  to 
tlie  kind  of  defense  involved  in  B'  and  C'.  !f  ii  is  the  latter,  we  have  to  know 
something  about  the  location  of  his  air  defense  bases  to  ft'!!  whether  B'  or  C'  is, 
in  fact,  the  defense  he  has  chosen.  It  wc  lack  that  information,  wc  may  end  lip 
with  a  choice  problem  that  involves  uncertainly  on  our  side  between  bis  B'  and 
Cf,  uncertainty  on  his  side  between  our  B  and  C,  with  the  four  possible  out¬ 
comes  contained  in  the  lower  right-hand  corner  of  Table  10.2. 

Again,  the  enemy  might  build  bases  sufficient  for  both  B’"  and  C'\  but  have 
to  deploy  his  interceptor  aircraft  in  a  way  that  is  cither  concentrated  to  meet 
zL'-r  ■*  ttuaL  C  ...•  i*’  ;  ii  meet  cur.  Attack  B.  If  he  does  not  know  which 

i  I  : 

way  we  aie  corning,  he  does  not  know  where  to  keep  his  aircraft  deployed.  If 
he  thinks  wc  know  how  his  aircraft  are  stationed  so  that  wc  can  pick  B  or  C 
accordingly,  he  may  prefer  to  lotate  his  aircraft  between  the  spread-out  posture 
and  the  concentrated  posture  so  that  we  have  no  way  of  guessing  whether  we 
will  find  B'  or  C'  waiting  for  us  v/hen  wc  arrive.  If  he  rotates  them  so  that 
approximately  half  the  time  he  is  in  posture  H'  and  half  the!, time  in  posture  Cf, 
we  arciconf rented  witli  Mine  statistical  uncertainty,  if  we  pick  B,  we  nave  a 
50/50  chance  of  getting  our  fifth  or  eighth  best  choice.  If  we  pick  C,  wc  have 
.•a  50/50  chance  between  sixth  and  seventh  best  choice.  WJiich  should  we  prefer? 
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Data  Required  for  Dealing  with  Probabilities 

Let  us  pause  at  this  point,  and  restate  the  problem.  Suppose  that  we  kjiew 
that  we  had  a  50/50  chance  of  finding  13'  or  C'  waiting  for  us.  In  this  case  there 
is  no  question  of  trying  to  outguess  jihe  enemy  or  to  avoid  being  outguessed; 
we  know  his  mode  of  behavior.  It  is  as  though  the  weatherman  said  there  is  a 
50/50  chance  of  cold  weather,  and  we  had  to  djpeide  whether  or  not  to  lake  a 
coat,  Have  wd! enough  information  in  Table  10i2  to  cope' with  this  problem? 

We  are  now  dealing  with  four  possible  outcomes,  of  which  our  favorite  is  the 
combination  C-B',  our  second  best  is  the  combination  B-C',  with  B-B'  third  and 
C-C'  fourth.  To  sharpen  the  point,  let  us  look  at  Table  10.3  i:i  which  we  have 
these  four  outcomes  denoted  by  our  order  of  preferences  for  them. 

Taui.i:  10.3 

Preference  among  four  possible  outcomes 
Defense 


Attack  B'  C' 
B  1  ~ 

C  I  -1 


Is  this  r,  soluble  problem  ?  The  -answer  is  no.  Wc  have  not  yet  uone  enough 
work,  to  provide  our  table  with  information.  We  cannot  place  onr  bets  intelli¬ 
gently  unless  wc  know  the  payoffs  better.  Our  (able  shows  only  our  relative 
estimates  of  the  outcomes  :■  our  order  of  preference  toward  the  outcomes  hut 
to  take  a  calculated  risk,  or  to  place  an  intelligent  bet,  wc  have  in  lake  account 
of  the  absolute  strengths  of  our  prelen'nccs.-lt  is  noi  epoug'u  to  know  that  some 
outcomes  are  better  th:;::  others;  wc  have  to  consider  h‘oW  much  better  they  arm 
If  ostr  tabic  referred  not  to  tax'd  destruction  but  to  money  prizes,  we  would 
feel  very  differently  about  the,  two  prize  schedules  in  Table  10.4  below,  assuming 
a  50/50  chaftcc  of  B'  or  C'  occurring.  C  looks  good  in  Schedule  I,  B  looks  good 
in  Schedule  11;  but  both  these  schedules  contain  money  rewards  that  !are 
identical  when  we  express  them  just  as  first,  second., third,  and  fourth,  in  order 
of  si/e,  as  ip  Table  10.3.  ji 

I  Alii  k  10.4 

Absolute  strengths  ot  four  possible  outcomes  two  examples 
.1  .  _ 

'!  Defense 


Seliedtile  1  Schedule  11 

Attack  !!'  ('  B'  •  C" ,, 

;  "  ,  B  ~  3  ’  5  \  '  V 

C  10  2  U)  2 

Let  us  take  inis  idea  back  to. Tabic  10. 1.  Recall  that  first  wc  started  with  just 
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an  indication  of  best,  medium,  anil  worst  in  each  column,  that  proved  in¬ 
sufficient  for  certain  problems  am!  we  replaced  the  three-way  comparisons  with 
a  nine -way  comparison,  comparing  the  outcomes  in  all  nine  cases,  expressing 
them  in  order  of  damage  to  the  enemy.  Now  we  have  come  to  the  conclusion 
that  we  need  some  kind  of  numerical  scale  that  will  indicate  not  only  which 
outcome  is  better  than  which  other  outcome,  hut  how  much  better.  How  can 
we  get  such  a  numerical  measure? 

We  might  just  take  some  measure  of  damage  done — percentage  of  tercets 
destroyed,  for  example.  This  might  noi  be  bad  as  a  crude  first  approximation; 
but  it  seem:,  likely  that  it  will  not  be  a  very  good  approximation.  Jus!  how  much;1 
it  is  worth  to  destroy  another  10  per  cent  of  the  targets  may  depend  on  whether 
we  were  already  counting  on  destroying  90  per  cent,  50  per  cent,  or  20  per  cent. > 
ft  could  he,  for  example,  that  the'  difference  between  (iO  per  cant  and  70  per 
.  cent  destruction  is  significant  in  terms  of  what  the  enemy  can  do  with  what  he 
has  let t  over,  while  the  dilTcrence  between  90  per  cent  and  lot)  per  rent  is  a 
little  like  shooting  a  dead  horse. 

Furthermore,  our  feeling  about  the  relative  merits  of  different  outcomes 
would  probably  relied  more  than  one  single  component  of  the  outcome.  We 
may  have  to  weigh  the  advantage  of  more  targets  destroyed  against  the  greater 
cost  to  us  in  plants  lost;  and  since  these  may  not  vary  in  the  same  proportions 
as  we  move  from,  one  outcome 'to  another,  we  have  to  find  some  way  of* 
weighing  together,  in  the  balance,  several  different  components  of  the  outcome. 

Without  in  any  way  implying  that  this  is  an  easy  thing  to  do.  Imt  just 
insisting  that  it  has  to  he  done,  let  us  get  on  with  our  decision  problem  by 
putting  some  numbers  in  the  table.  Vv’e  have  to  pick  some  scale  of  measute; 
let  us  arbitrarily  give  a  value  of  100  to  our  , first  choice  among  the  nine,  out 
comes,  and  0  to  our  last  choice.  Now  we  try  to  give  numerical,  values  to  the 
other  outcomes  that,  in  some  way  express  how  much  diilercnce  there  is  between 
them  in  our  evaluation  ,pf  them.  1  have  put  some  numbers  in  Table  10.5,  which 
are  perfectly  arbitrary /but  do  have  the  virtue  that  they  correlate  properly  with 
our  earlier  evaluation  of  the  outcomes.  What  was  bur  best  possible  outcome, 
A  against  C‘,  is  Valued  at  IU0;  the  worst  possible  outcome,  A  against  A',  is 
valued,  at  0,  arid  the  values  ill  the  other  seven  boxes  are  in  the  same  order  as 
the  numbers  in  Table  10.2. 

lAiiLi.  1 0.5 

Numeric;! i  evaluations  ui  omcomc.i 


Defense 


Attack 

A' 

Li' 

C 

A 

0 

80 

too 

B 

60 

40 

so 

( 

70  ■ 

56 

30 

\, 
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1  should  remark  that  I  am  simultaneously  making  our  table  both'  harder  and 
easier  to  deal  with.  As  far  as  the  decision  problem  is  concerned,  I  am  making  it 
easier.  By  assuming  more  and  more  research  into  the  relative  merits  of  these 
various  outcomes,  1  am  assuming  that  we  have  more  and  more  data  to  deal 
with.  And  the  more  data  we  have  in  our  table,  the  less  intractable  our  problem 
will  be.  At  the  same  time,  it  is  getting  harden,  and  harder  to  handle  it  within  the 
scope  of  a  single  chapter.  We  are  probably  now  at  about  the  extent  of  what  w-1 
cun  handle  in  u  limited  discussion.  This  docs  not  mean.  I  should  stress  that  out" 


problem  has  become  hopelessly  complex  from  the  point  of  view  of  solving  it. 
If  we  were  actually  engaged  in  the  research,  instead  of  just  trying  to  describe 
and  illustrate  a  type  of  research,  we  could  stay  with  it  for  hours,  days,  or 
weeks,  until  we  thought  we  hail  it  pretty  well  thrashed  out. 


look  again  at  the  problem  that  the  Russians  pose  for  us  when,  iney  rotate  their 
planes  between  a  R'  anil  a  C'-  posture.  Suppose  that  we  earlier  had  to  decide 
between  A  or,  the  one  hand  or  B  and  C  on  the  other,  and  chose  a  dual  capacity 
for  either  B  or  C,  and  that  we  must  now  decide  which  of  those  two  to  pink. 
If  we  pick  B,  we  have  a  50/50  chance  between  40  and  50;  if  we  pick  C  we  have 
a  50/50  chance  between  55  anil  30.  B  looks  somewhat  better;  if  these  were 
money  bets  we  should  almost  certainly  pick  it  These  are  not  money  bets,  but 
at  least  wc  have  already  tried  to  make  an  allowance  for  any  disproportionate 
dill'crence.s  among  the  different  outcomes  so  that  the  numbers  approximately 
represent  their  “worth-’  to  ns,  and  the  dillricnrc-  between  iwo  outcomes  like 
B  B'  and  1KJ  is  supposed  to  measure  how  important  that  dilfcrence  is  to  us. 
So  although  we  may  not  be  quite  ready  to  sav  that  we  will  look' at  these  numbers 
as  a  gambler  or  an  investor  or  an  insurance  enmpany  does,  computing  expected 
values  from  known  odds,  at  least  it  is  not  wholly  senseless  to  look  at  the 
problem  that  way;  hut  it  was  when  all  wc  had  to  go  on  was  the  first,  second, 
third,  fourth  preference  designations.  We  have  at  least  now  tiied  to  get  the 
numbers  in  a  form  that  permits  us  U>  make  use  of  their  numerical  values. 

Notice  in  this  case  that  the  Russians,,  it  thev  arc  rotating  Uicir  pianes  nair 


the  time  in  a  B'  stance  and  half  the  time  in  a  C',  can  guess  what  we  will  do. 
We  litre  likely  to  pick  Li.  Knowing  this,  they  might  like  to  pick  H'.  The  reason 
they  cannot  is  that  if  they  pick  B'  and  slay  with  it,  we  shall  pick  C;  they  have 
to  keep  rotating  in  order  to  keep  us  from  adapting  to. them. 


ilu:  Strategies 

if'  " 

1  e  .  .  *  • 

With  these  numbers,  we- can  now  talk  about  another  important  possibility. 

Not  only  may  it  he  possible  to  mix  two  strategics  like  1’/  and  O'  by  random 
rotation,  it  may  be  possible  to  mix  them  physically  by  designing  a  compromise 
strategy.  The  Russians,  instead  of  rotating  their  planes  between  a  concentrated 
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configuration  and  a  dispersed  configuration,  might  leave  them  permanently  in 
a  compromise  stance — more  dispersed  than  they  would  he  for  a- C  type  of 
attack,  more  concentrated  than  they  would  be  for  a  B  type  of  attack.  Such  a 
defense  posture  would  not  be  as  good  against  B  as  B'  is,  and  would  not  he  as 
good  against  Cas  C  is,  but  it  might  have  the  eomperisaiing  advantage  of  being 
not  nearly  sp  bad  for  the  Russians  as  if  we  came  in  with  the  particular  kind 
of  attack  that  they  were  not  prepared  for.  Also,  it.  avoids  the  need  for  rotation 
among  a  fully  duplicate  base  system. 

Similarly,  we  might  design  a  compromise  attack  that,  is  somewhere  between 
B  and  C.  The  compromise  attack  is  less  able  to  exploit  the  enemy’s  mistake 

I*. 

if  he  chooses  the  wrong  defense,  but  it  is  better  than  B  or  C  if  be  were 
waiting  with  the  right  one.  The  question  arises,  do  we  gain  as  much  as  we 
losi?  The  point  I  want  to  make  is  that  our  table  (Table  10.5)  now  has  the  kind 
ot  numbers  in  it  that  are  needed  if  we  are  to  give  an  answer.  l  et  us  add  the 
compromise  strategy,  and  call  it  BC.  Suppose  we  evaluate  it  just  as  we  did  the 
others,  and  we  find  that  it  results  in  outcomes  as  shown  in  the  third  row  of 
Tabic.  10.6.  It  looks  fairly  good.  In  the  case  of  B'  it  is  nearly  as  good  as  C; 
in  the  case  of  C'  it  is  nearly  as  good  as  B.  And,  viewed  conservatively,  it 
achieves  at  its  worst  a  score  that  is  much  better  than  C  at  C’s  worst  and 
appreciably  better  than  B  at  B’s  worst.  On  the  other  hand,  if  it  were  evaluated 
as  shown  by  the  numbers  in  parentheses,  the  numbers  would  probably  help  us 
to  reject  it.  It  is  only  slightly  better  than  B  where  B  is  the  wrong  strategy,  and 
substantially  inferior  when  the  enemy  chooses 

Taiu.u  U).f> 

Numerical  evaluations  compromise  strategy 


Defense 
Attack  B'  C 


it 

10 

50 

c 

55 

10 

BC 

50 

45 

(BC.) 

(45) 

05) 

Tentative  Summary  ;  •  , 

I  am  going  to  put  some  mote  numbers  in  the  tabic.  Before  we  take  that 
plunge  let  us  stand  off  a  minute,  get  away  from  the  numbers,  and  see  if  we 
can  sum  up.  We  started  out  with  the  idea  that  in  many  important  cases  we 
cannot  really  evaluate  our  own  choices  and  decisions  unless  we  make  a  guess 
at  what  the  enemy  is  going  to  do.  But  the  enemy’s  bade  mode  of  behavior,  if 
■  we  are  going  to  concede  him  any  intelligence,  is  to  adapt  to  what  we  do, 
exploiting  our  weaknesses  just  as  we  are  trying  to  exploit  his.  Whenever  we 
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have  to  commit  ourselves  first,  he  will  do  what  he  can  to  get  around  the 
strategy  we  have  choser.  To  minimize  his  ability  to  adapt  his  strategy  to  ours, 
we  try  to  design  weapon  systems  that  are  good  in  a  variety  of  contingencies, 
even  though  they  may  not  be  as  good  in  the  best  possible  case  as  a  more 
specialized  but  less  versatile  system.  We  ran  try  to  make  adaptation  difficult 
for  the  enemy  by  keeping  him  guessing  about  our  strategy,  cultivating  versatile 
capabilities  instead  of  highly  specialized  capabilities,  postponing  decisions 
where  we  can,  so  that  he  has  to;  choose  in  ignorance  of  ours  or — better  still 
for  us — to  .commit  himself  in  a  Way  that  we  can  see  before  we  have  to  make 
our  final  choice.  j 

Makb'lp  the  Enemy  Adapt 

There  is  another  way 'to  look  at  this  problem  of  enei'uy  adaptation.  In  those 
cases  where  we  have  to  cjjooj^c  first,,  and  must  assume  that  he  will  intelligently 
pick  a  response  to  our  system  that  exploits  the  weaknesses  of  ours,  wc  need 
not  thuiK.  of  his  adaptations  as  nullifying  our  actions.  We  cyn  think  of  his 
adaptation  as  an  objective  of  nur  actions.  To  illustrate,  suppose  we  build  a 
distant  early  warning  (dew)  line  in  the  north  and  supplement  it  with  other 
warning  arrangements  in  the  south.  There  are  three  ways  of  evaluating  what 
the  warning  system  does.  The  optimist  wilf  say  that  as  the  enemy,  flics  in'  with 
his  large  fleets  of  bombers  we  shall  see  him  several  hours  before  lie  reaches  us, 
cerlaifily  get  o!f  an  enormous  retaliatory  sbike,  and  even  have  our  delenses 
alerted  to  meet  his  bombere  when  they  come  in.  The  pessimist  will  say  That 
the  enemy  will  redesign  his  attack  so  that  he  relies  on  a  much  smaller  number 
of  planes  that  can  sneak  in  through  the  weakest  parts  of.  out  warning  net: 
die  new  line  will  never  catch  them  coining  at  us,  because  either  ho  will  not 
lly  over  .they  new  line  or,  if  he  does,  he  will  do.  it  with  numbers  and  llight 
pattefhs  that  give  us  little  likelihood  of  recognizing  him.  In  between  is  the 
view  of  the  moderate  who  take's  enemy  adaptation  for  granted  and  builds  his 
systems  analysis’  around  it.  According  to  this  view,  the  purpose  m  a  dew  line 
is  not  necessarily  to  spot  aa  'enemy  attack  when  if  comes;  i!  is  to  force  the 
enemy  to  go  to  the  troiihle,  trie  expense,  and  the  risk  involved  in  designing  ail 
attack  that  does  not  alert  the’onw  line.  The  DEW  line  closes  a  loop,  hole,  and 
makes  the  enemy  shift  to  a  second-best  strategy.  This  kind  ol  evaluation  may 
or  may  not  make  a  dew  line  a  good,  investment;  but  it  does  imply  that  die  worth 
of  a  particular  warning- system  is  not  settled  by  the  .question  ol  whether  il  will 
ever  spot  his  attack  coming  in.  Instead,  one  wants  to  ask  what  it  cams  me 
enemy- when  we  deny  him  the  possibility  of  an  undetected  mass  attack  ovei  the. 
Arctic  region!,  and  what  it  costs  us  to  build  the  warning  system. 

In  the  same  way,  we  might  consider  dispersing  some  of  our  attack  forces  at 
bases  on  the  far  side  of  the  Soviet  Union.  Whether  or  not  this  is  a  good  idea  is 
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'not  settled  by  whether  the  enemy  can  design- his  air  defense  in  such  a  wav  that 
those  particular  bombers  dial  we  send  in  from  those  distant  bases  never  reach 
target.  The  pertinent  question  is  whether  it  is  difficult  and  costly  to  the  enemy 
in  terms  .of  the  military  resources  that  he  has  to  divert  to  be  prepared  to  meet 
this  particular  attack.  If  at  little  cost  we  can  force  him  into  a  costly  diversion 
of  air  defense  resources  it  may  look  like  a  good  idea.  But,  if  at  great  cost  we 
force  him  to  divert  a  small  amount  of  resources,  it  does  not  look  good. 

In  other  words,'  granted  that  the  enemy  will  adapt  to  the  decisions  we  make, 
whenever  the  timing  of  our  choices  and  his  intelligence  information  permit  him 
to,  we  want  to  evaluate  proposals  in  lei  ms  of 'the  adaptation  that  they  force  the 
enemy  to  undertake.  And  this  means  looking  at  the  relative  costs. of  what  he  has 
to  do  compared  with  what  we  do. 

This  point  can  he  illustrated  with  the  tahj.c  we  already  have.  Looking  at 
Table  10.6  suppose  we  have  already  committed  ourselves  to  strategy  C,  and  the 
enemy  is  ready  for  us  with  Defense  C/.  It  is  proposed  to  buy  more  tankers  so 
that  we  can  mount  an  attack  of  the  type  B.  An  optimistic  view,  imputing 
fuuiislnic-ss  to  the  enemy,  is  that  we  will  raise  our  score  hy  20.  A  pessimistic 
view  is  that  the  er  smy  will  redesign  his  defense  against  us  so  that  we  gain  only 
10  points.  The  analyst,  however,  should  try  to  calculate  what,  it  costs  the  enemy 
in  diverted  resources  if  be  adapts  to  our  new  strategy,  what  this  does  to'  his 
over-all  defense,  and  how  we  come  out  on  balance.  He  looks  at  the  more  modest 
increment  that  we  get  as  we  shift  from  ('•  versus  C'  to  B  versus  B'.  In  the 
particular  table  wc  aic  using  this  is  a  good  idea.  It  can' mean  either  that  the 
enemy'.-,  adaptation  is  incomplete,  or  that  he  completely  adapts  to  the  wider 
dispersion  of  our  forces  but  at  a  cost  in  the  number  arid  quality  of  nis  own 
weapons,  so  that  the  net  balance  is  in  our  favor  and  the  outcome  is  better  for  us. 

HU.  Bkoauhr  ini  i:ri>km  a  i  ion  —  a  c  oMi'iu.in-.Nsivr  stka  ituy 

I  want  to  consider  a  broader  interpretation'  of  my  illustrative  problem  of 
choice  among  alternative  weapon  systems.  Up  to  this  point  1  have  discussed 
that  problem  as  though  it  .1  eluted  to  a  tactical  choice  rather  than  to  acoinpie- 
hensive  strategy.  1  have  left  at  least  two  important  tilings  out  of  account.  One 
is  Vr isttallics  as  distinct  from  immediate  military  damage  -  and  the  other  is  the 
possibility  that  our  choice  among  strategies  for  lighting  a  war  may  atlect  the 
iikvntuu'd  oi  war  itself. 

H  may  not  be  immediately  apparent  that  !  have  necessarily  left  casualties  out 
of  account.  I  able  10.6  now  contains  numbers  that  arc  supposed  to  rc|iieseilt, 
in  a  quantitative  way,  our  evaluation  of  Jhe  different  possible  outcomes.  We 
talked  a  little  nhout  what  might  lie  behind,  those  numbers,  such' as  the  damage 
to  enemy  targets,  our  own  losses  of  aircraft  and  crews,  and  similar  factors. 
Might  we  not— for  die  purpose  of  this  ,  illustrative  example-  just  give  our 
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numbers  a  more  sophisticated  interpretation,  and  say  that  we  weighed  civilian 
casualties,  economic  damage,  political  prestige,  and  other  elements  all  in  the 
balance.  This  would  mean  more  research,  more  statistics,  more  soul-searching, 
and  more  argument  over  intangibles;  but  assuming  that  we  spend  the  .necessary 
time  and  ingenuity  on  it,  we  should  be  able  to,  reach  a  more  comprehensive 
evaluation  of  the  relative  merits  of  the  different  outcomes.  We  would  un¬ 
doubtedly  reach  different  numbers  depending  on  what  we  take  into  account; 
but  we  still  should  end  up  with  a  table  in  the  general  form  of  the  one  we  have. 

The  reason  we  cannot  simply  reinterpret  our  numbers — for  the  purpose  of 
this  discussion— -to  include  casualties  is  that  up  *  -  this  point  we  have  assumed 
that  what  is  better  for  us  is  worse  lor  the  enemy,  and  vice  versa.  We  have 
supposed  that  we  like  to  damage  his  targets  but? he  does  not  like  us  to,  so  that 
we  have  exactly  opposite  preferences  for  different  levels  of  damage.  (Alter¬ 
natively,  if  we  interpret  our  numbers  as  denoting  the  odds  of  “winning”  the  war. 
any  pair  of  attacks  and  defenses  that  gives  us  relatively  high  odds  of  winning 
gives  the  Russians  relatively  low  odds,  and  vice  versa,)  llut  when  we  come  to 
take  casualties  into  account,  it  is  no  longer  true  that  of  the  various  possible 
outcomes  we  and  the  Russians  have  exactly  inverse  evaluations.  As.  between  a 
pair  of  attack  and  defense  strategies  that  gives  us'  three-to-onc  odds  of  winning, 
with  moderate  casualties  op.  both  sides,  and  another  that  gives  us  the  same 
three-to-onc  odiJs  of  winning,  but  with  much  greater  casualties  on  both  sides, 
wc  and  the  Russians  may  both  prefer  the  same  one  of  these  two  alternative 
outcomes.  And  aside  from  civilian  casualties  anil  economic  damage,  there  arc 
such  questions  as  the  survival  of  the  regime  in  Russia,  the  cohesion  of  the 
Communist  blue,  the  balance  of  power  among  pressure  groups  in  the  Soviet 
Union,  and  so  on.  as  well  as  comparable  factors  on  our  side,  which  the  Russians 
may  appraise  quite  differently  front  the  way  we  would  appraise  them. 

Tor  that  reason,  in  appraising  all  the  consequences  of  the  dilterent  attacks 
and  defenses,  as  distinct  fron1!  their  immediate  military  consequences,  wc  can 
probably  not  make  a  single  set  of  numbers  serve  as  an  index  of  our  evaluation 
and  of  the  enemy  evaluation  at  the  same  time.  We  need  two  sets  of  numbers 
to  represent  our  twit  different  appreciations  of  the  consequences. 

If  I  have  made  it  clear  that  this'  is  true  in  principle,  it  remains  to  be  asked 
whether  our  decision  is  affected  by  the  Russian  evaluation  of  such  things  as 
their  own  civilian,  economic, .[and  political  losses.  The  answer  is  that  it  is. 

Revised  Illustration:  A  “Pout}’’  Strategy 

'*  I1 

To  show  this  in  nn  extreme  case,  and  to  avoid  increasing  the  si/.e  ol  our 
table,  let  us  change  the  character  of  our  Attack  C  and  replace  . the  numbers  in 
Table  10.6.  Ignoring  for  the? moment'  what  kind  of  an  attack  C  k,  now,  but 
supposing  that  our  comprehensive  evaluation  of  the  outcome  is  as!  shown  in 
Tabic  10.7,  what  conclusions  can  we  reach  about  the  choice  among  A,  h,  and  C;- 


;\ 
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A  0  80  .100 

R  .  60  40  50 

C  20  10  '  25 

Our  earlier  analysis  would  undoubtedly  have  led  us  to  reject  Attack  C  alto¬ 
gether.  No  matter  what  defense  the  Russians  use,  as  among  A',  B',  and.  C',  oii’r 
Attack  C  is  invariably  worse  lor  us  than  A  or  B.  There  is  no  case  in  which  we 
Would  not  prefer  B  to  C,  and  no  case  in  wjjiieb  we  would  noi  piefcr  A  to  C.  We 
cannot  even  profitably  fool  the  Russians  by  using  C.  thinking  that  they  would 
expect  us  to  reject  it;  we  do  so  badly  that  they  are  delighted  at  our  choice  of 
even  if  they  expected  A  of  11.  ■  '  • 

The  Enemy's  Evaluation 

But' now  let  us  introduce1  into  Table  1(17  some  illustrative  numbers  that 
might  rer.ypsent  our  estimate  of  the  Russian  evaluation  of  these  nine  different 
possible  outcomes.  In  Table  10. X  I  have  put  numbers  for  us  and  numbers  tor 
the  Russians  (ihi  t  is.  for  our  guess  til  a  Russian  evaluation)  in  each  ot  the  nine 
cell:?  of  the  tabic,  ours  to  the  lowci  left,  ihciis  to  the  upper  right. 

Table  10.8 


Numeiieal  evaluations  poSsinlc  Kussittn  evaluations 


Attack 

Defense 

a1  n 

1  V  ... 

C 

A 

u  "«) 

80  •  '' I 

100  •  M> 

11 

to  ,?o 

40  .  40 

5(1  3() 

(. 

-71)  « 

10  1,1 

{)i 

_ — i\ - 

In  doing  this  let  us  distinguish  broadly  between  two  kinds  ol,  elements  in  theii 
evaluation:  first,  then  estimate  ol  the  odds  based  on  wiiming  or  losing  the  w  u, 
or  on  die  bilateral  power  position  between  us  once  the  war  is  over  -mailers  on 
which  their  evaluation  ought  to  run  directly  contrary  to  ours;  and  second,  the 
various  factor's  that  I  have  broadly  termed  "casualties'’,  on  which  there  is  no 
strong  reason  to  suppose  that  the  k|nd  of  war  that,  they  like  least  is  the  kind  of 
war  we  like,  best,  and  vice  versa.  Jyst  to  make  the  illustration  concrete:  if  we 
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Table  10.7 


Numeric::!  cvalua 


stra 


Defense 


Attack  A'  B'  C 


214  ' 
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suppose  their  evaluation  of  the  outcome  when  Attach  A  meets  Defense  IV'  is  20; 
a  comparatively  low  number,  it  reflects  the  fact. that  our  number  is- compara¬ 
tively  high.  Looking  at  the  intersection  of  Attack  A  with  Defense  C we  see 
that  it  is  not  necessarily  true  that  because  our  number  goes  up,  their  number 
goes  down;  there  is  no  logical  inconsistency  in  giving  their  appreciation  of  this 
case  a  value  of  50.  To  put  the  matter  crudely,  A  against  B'  and  A  against  Cr 
may  be  roughly  ,  similar  in  terms  of  who  wins  The  war,  but  one  inay  just  be  a 


good  deal  bloodier  on  noih  sides  i’nan  the  other. 


so  ihat  the  differential  in  the 


estimates  goes  in  ihc  same  direction  for  the  Russians  as  for  us. 

We  need  not  look  at  the  numbers  in  Tabic  lti.lt  in  great  detail,  since  I  want 
only  to  illustrate  a  lailiei  simple  point;  that  there  is  no  necessarily  logical 
inconsistency  in  the  way  I  have  supposed  the  Russian  figures  relate  to  ours.  Tet 
us  look  at  our  Attack  C.  Cl  is  a  strategy  that  we  might  have  rejected  out  of 
hand  on  the  basis  of  the  figures  representing  the  ll.S.  evaluation  of  the  out¬ 
comes.  But  the  numbers  1  put  in  for  the  possible  Russian  evaluation  may  give 
us  reason  to  keep  Cl  in  the  running. 

Aeeoiding  to  there  numbers,  the  Russians  dislike  ihe  outcome  when  C  is 
used  just  about  as  much  as  we  do.  Attack  C  seems  to  he  a  bloody  altaek  ot  the 
kind  that  is  popularly  referred  to  as  “mutual  suicide”  or  something  of  the  sort. 
Wo  dislike  it  because  of  what  it  does  to  our  own  country.  .We  may  not  take 
particular  satisfaction  in  the  fact  that  the  Russians  would  he  desolated  too.  Sc, 
if  we  were  sure  licit  once  we  had  adopted  (lie  strategy  we  would  have  'o  fight 
the  war  (or  it  we  thought  the  probability  of  having  to  light  the  wat  was 
independent  ol  which  attack  smifi-gy  we  chose),  we  would  avoid  C\  But.  il  wc 
arc  interested  in  tletorrencv  as  well  a?j,  in  the  outcome  ol  .my  war  that  comes, 
Attack  ('  may  have  some  attraction’.  If  our  problem  is  In  confront  flic  ..Russians 
with  a  potential  attack  that  is  as  unattractive  to  them  n.s  we  can  choose,  t;.  lias 
some  virtue  compared  yith  \  and  B.  ' 

i  .  i|  •...  -  • 

;/  i  ;  ij  •  "  .  • 

St't  rt't  i  and  i'lexibilitv  Itajmsirlrrml  ;■  V 

Iheie  arc  some  interesting  ohsci  nations  to  make  about  the  adoption  ol  a 
sti  aiegv  like  Attack  Cl.  Wc  earlier  put  a  premium  on  secrecy,  because  it  seemed 
to  o*n  advantage  to  keep  the  enemy  unceilain  uhoul  which  **!  our  attacks  he 
should  prepare  for.  But  a  strategy  as  purely  dele  Tent  as  f'  would  only  make 
sense  il  we  advertised  it  Jo  the  enemy  We  also,  in  mu  earlier  ,malvsij>,  put  a 
hiuli  .premium  oil  flexibility,  on  having  Ihe  Ireedom  n>  make,  a  final  choice  at  a 
last  moment,  again  I « *  keep  tile  enemy  guessing  oi  to  adapt  to  the  posture  llial 
the  enemy  might,  have  adopted  by  then..  But  Attack  C  is  a  pro, tty  unconvincing 
kind  of  deterrence  if  we  have  any  flexibility  tor  switching  to  A  or  B  at  the  last 
moment.  At  the  moment  that  war  siails,  we  have  no  more  interest  in  pursuing 
strategy  Cl  than  the  Russians  have  in  being  hit  by  it,  and  the  Russians  know 
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ihai.  we  have  every  incentive  to  switch  to  A  or  B  if  it  is  physically  possible.  The 
only  way  that  they  could  be  fully  persuaded  that  they  would  be  hit  by  Attack  C 
would  be  for  them  .0  be  persuaded  that  we  could  not  choose  anything  but 
Attack  C  even  if  wc  wanted  to. 

l; 

the  essential  dilterence  here  is  that  earlier  we  were  trying  to  accommodate 
ourselves  to  the  fact  that  we  and  our  enemy  had  opposite  interests,  while  in  the 
situation  represented  by  strategy  C  we  are  trying  to  structure  th)e  Russians’ 
incentives  so  that  they  have  a  common  interest  with  us — a  common  interest  in 
choosing.. still  another  strategy,  namely  the  strategy  of  behaving  in  a  way  that 
makes  the  wai  umieecssuiy!  We  aie  now  trying  to  manipulate  their  incentives, 
not  just  to  adapt  to  them.  We  are  trying  to  present  them  a  choice  that  we  have 
designed  in  such  a  wav  that  it  they  choose  what  is  best  for  them,  they  are 
choosing  the  course  that  we  want  them  to  lake. 

A  y.truti'gy  I  liat  Looks  "Too  Good" 

At  another  extreme,  we  might  put  in  a  new  strategy— or  new  numbers  for 
urn  still  unspecified  Attack  C  that  'makes  it  look  very  good  by  comparison 
with  A  and  It  on  the  basis  of  opr  own  numerical  evaluation.  It  could  look  too 
good,  lo  keep  my  illustration  silSnple  and  hypothetical  1  have  not  discussed  the 
question  of  who  spikes  fust  in  this  war.  But  if  we  made  mu  table  big  epoifgh 
ami  complicated  enough  we  could  give  each  or  the  two  sides  an  attack::  and 
defense  posture  together  with  the  option  of  wailing  or  tiying  to  go  firxl  We 
might  in  that  case  find  a  strategy  that  looked  very  good  when  wc  struck  second, 
and  even  beltci  when  we  struck  first  But  if  /u<  /  we  do  nui  intend  to  strike 
first,  it  is  possible  that  the  very  ellVetivcness  of  that  posture  as  a  springboard 
for  striking  first  is  an  embarrassment,  ii  may  look  too  good  to  us.  Rather,  ii 
may  look  to  the  Russians  as  though  it  looks  too  good  to  us,  so  that  while  the 
strike-second  capability  of  our  posture  is  a  potential  deterrent,  its  strike-first 
capability  mav  provoke  a  countervailing  urge  to  pre-empt.  .  S 

1  raise  ibis  possibility  not  in  onlri  to  discos-:  it  m  any  detail  but  only  to  show 
bow  far  wc  may  have  to  compound  some  ol  the  intangibles  that  go  into  our 
analysis.  We  not  only  have  to  evaluate  the  outcomes  tiom  our  own  point  of 
view,  anil  then  estimate  how  the  Russians  would  evaluate  the  outcomes  from 
their  point  of  view,  but  lo  deal  with  tin's  last  ease  we  also  have  to  estimate  how 
the  Russians  estimate  our  evaluation  ol  the  various  outcomes.  II  we  could  by 
striking  first  destroy  Russian  poWcr  at  the  cost  of  V  million  Ameiican  lives, 
it  is  impoUu.nl  for  us  to  have  the  best  possible  understanding  of  what  the 
Russians  think  our  feelings  are  about  X  million  casualties. 

•  ■  !  . 

10.4.  CoNClUDlNO  SUMMARY 

In  summary,  1  would  like  to  make  two  points.  First,  the  only  sensible 
assumptions  we  eaii  make  about  enemy  behavidr  in  dealing  with  problems 
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where  his  interest  is  strictly  opposed  to  our  interest  arc  that  the  enemy  will 
adapt  his  behavior,  within  the  limits  imposed  by  whatever  flexibility  he  has,  to 
what  he  knows  about  the  decisions  we  are  making;  that  he  will  design  his 
system  to  keep  flexibility  and  to  confront  us  with  uncertainty;  and  that  he  will 
anticipate  our  doing  the  same  thing. 

The  second  summary  point  is  that  in  matters  like  deterrence.  limited  war, 
avoidance  of  inadvertent  war,  provocation  of  pre-emptive  attack'!  and  so  forth,  -. 
although  we  assume  that  the  enemy  will  adapt  to  our  decisions,  wc  must  try  to 
design  a  system  that  will  inducejhim  to  adapt  his  behavior  in  the  ways  we  want. 

I  want  to  make  one  observation.  In  both  of  these  eases  we  are,  in  a  sense, 
taking  the  opposite  of  the  view  that  one  should  ground  one's  decisions  on  the 
enemy's  capabilities  rather  than  on  the  enemy's  intentions.  In  the  kinds  of 
problems  I  have  been  discussing,  we  are  necessarily  dealing  with  the  enemy's 
intentions — his  expectations,  his  incentives,  and  the  guesses  that  ,;he  makes 
about  our  intentions  and  our  expectations  and  our  incentives.  This  is  patently 
true  in  dealing  with  a  concept  like  deterrence,  the  whole  idea  of  which  is  the 
manipulation  of  the  enemy's  intentions  by  confronting  him  with  a\;. properly 
designed  set' of  choices.  But  it  is  also  true  of  those  situations  in  which  we- are 
not  trying  to  deter -or  to  coerce  or  to  persuade  an  enemy,  hut  simply  to  out-, 
guess  him  or  to  keep  from  being  outguessed.  We  cap  not  deal  with  his  capabilities 
in  those  eases;  his  capabilities  against  the  dilferent  systems  that  we  may  choose 
depend  on  how  he  allocates  his  resources  among  the  alternative  systems 
available  to  him.  which 'In  'Mm  depends  on  what  lie  expects  us  to  he  doing.  1  lie 
deployment  of  his  capabilities  that  we  should  expect  is  not  something  wo 
introduce'  into  the  beginning  of  our  Analysis;  it  is  a  conclusion  diat  we  reach. 
When  we  have  looked  simultaneously  at  his  problem  and  our:;,  ami  have  am 
through  ihe  kind  of  analysis  that  he  must  Ire  assumed  to- lie  doing  on  his  side 
of  the  problem,  we  can  hope  to  reach  simultaneously  a  judgment  about  whai  is 
the  most  reasonable  choice  fbi  us  to  make  and  what  is  a  reasonable  choice  lor 
Itim  to  be  making. 

This  is  why  so  many  of  the  estimates  that  we  need  lor  dohiing  with  these 
piohlems  relate  to  intangibles.  The  piublcm  involves  intarigihles.  In  particular, 
it  involves  the  great  intangible  o!  what  the  enemy  thinks  we  think  he  is 
going  to  do. 


Chapter  11. 

i 

GAMING  METiiODik  AND  APPLICATIONS 

M.  G  WEINER 


i'l.l.-i  The  uses  op  war  <;  amino 

War  gaming  lias  a  lung-; history  of  military  respectability  as  an  educational 
mid  training  device.  It  extends  back  to  the  time  when  someone  -possibly  an 
oriental  general  Sun  I  zn 1  -  attem  pted  to  conduct  imaginary  military  operations 
by  representing  his  own  forces  and  those  ol  the  enemy  on  a  map,  board,  or 
with  scribbles  in  the  sand,  and  tried  to  work  out  the  vuiiuus  moves  or  actions 
that  could  he  taken  by  each  side.  He  v/as,  in  a -sense,  constructing  a  model 
of  the  situation.  Hy  considciing  all  the  military  moves  that  ho  could  make 
ami  all  the  moves  that  the  enemy  might  make,  lie  sought  a  way  in  which 
he  could  be  most  ciTcctive  against  the  enemy,  despite  what  l|.ie  enemy  might 
do  to  oppose  hint.  * 

Whether  this  technique  ol  examining  action  and  counteraction  survived 
because  our  hypothetical  general  found  that  iL  contributed  to  his  military 
success,  or  because  it  was  a  uleful  way  of  thinking  thiouuh  compiex  situations, 
or  simply  because  it  was  an  entertaining  pastime  is  unimportant,  the 
important  thing  is  that  it  did  survive  and  oVc.i  the  years  has  undergone  many 
changes  anil  developments. 

;  At  the  present  tinte  war  gaming  is  used  in  many  din'cn-ni  ways.  Pour  of  the 
majui  uses  are  described  below-. 

I  The  -use  oj  HUtnhig  as  a  training  or  heuristic  device.  Under  this  heading  arc 
included  all  those  uses  in  which  the  play  is  carried  out  in  the  expectation 
that  the  simulated  environment  will  create  a  greater  awareness  of  the 
multitude  of  factors  and  actions  that  ate  involved,  and  will  develop  an 
appreciation  of  these  factors  or  actions  m  any  real  wot  Id  lauuiterpart  o’.1 2 
the  enviionincnt.  • 

Tile  use  <//  f;n  mins  jar  self  -aim  uiuiii.  la  this  use  a  lifnntii---  ;  •'•■npaa  !n_J 
which  j.ruvidcs  a  focus  tor  the  experience  and  judgments  ol  trie  military 
and  systems  analysts.  Hy  dealing  with  specific  situations  fi.c  relevant  taetois 

1  Reported  to  'nave  said  about  500  B.U.:  “  I  he  genera!  who  wins  a  battle  makes 
many  calculations  in  his  temple  ere  the  battle  is  fought”. 

2  ji  Adapted  from  a  classification  by  Olaf  Helmer,  the  hand  (.'orpin ation. 
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iiii'  viewed  in  a  definite  context  and  many  of  the  factors  ami  interrelations 
that  might  have  been  ignored  nr  overlooked’  are  brought  under  considcra  " 
•tinn.  Many  studies  involve  an  initial  period  in  which  the  analysts  engage 
in  crude  forms  of  gaining  as  a  method  of  getting  a  feel  for  the  .complexity 
of  the  problem  and  ol  recognizing  some  of  the  ma|or  aspects  that  require 
stlldv. 

t.  The  n\e  of  gamin}!  ox  a  igsenrch  iot<l  The  objective  of  this  use,  which  is 
genet all\  in  the  lonn  ot  an  evaluation  or  a  developmental  device,  is  to 
arrive  at  -perihe  ■  C'nciu.MVHis  with  irspect  io  pians.  policies,  or  specific 
instl  iimenlalii  ies  I  lie  example  i,»  l.a  developed  later  in  this  chapter  is  a 
use  of  this  ts  pc-. 

4.  I  hi'  use  of  gaming  ns  a  slepping-xtone  lowanl  a  hover  •njoi/el  of  the 
phenomenon  being  sniifiej, -|n  this  sense,  games  are  used  as  devices  for 
examining  the  various  le.ciois  involved  in  a  situation  in  the  hope  that  the 
impoi taut "  aspects  can  lx-  established  and  some  value  assigned  to  the 
factors.  I  his  use  is  a  preliminary  step  toward  a  more  precise  model  which 
can  become  part  ol  a  lum-h  more  nfiivcnient  and  valuable  theoretical 
loi  initiation. 

the  allempls  In  use  gaming  as  a  reseat ch  device  or  stepping-stone,  to  theory 
arc  relatively  iccciii  uses,  it  is  probably  premature  to  try  to  assess  the  conirihii- 
lion  lh.it  war  giiiiing,  i  ;m  make  as  an  analytic  technique  for  decisions..  |;  is 
pmiuihlv  also  prvmaUue  h>  s.n  i hot  we  have  a  vciv  eottiplele  iinderslanditig 
of  I  lie  dillcr.iii  t  v  j  -.  ol  games  or  of  site  pioiileile,  lo  which  they  can  1»" 
applied.  I  veil  with  these  icsr-vvaiions  iioweee..  we  can  and  do  use  war  gaming 
as  an  analytic  |i,,chmqtic. 

11.2.  !  i  riiMi.im  i  oi  \v.\k  (.ami, vo 

War  games,  involve  setting  up  ,t  hypothetical  situation  in  winch  two  sides 
>Vilh  c-oiill  |,l  ing.  .nler.-ts  job  :  ihjeCii .  Cs  interact  uiidci  a  v.sicin  oi  I. airs  i.r 
less  definite  ililcs.  l  iulei  j  1 1 i s  general  lonnat  we  can  consider  a  number  ol 
diHeieoi  method'.,  '.iniir  ol  ulmll  mu\  cmpflljjsi/e  one  aspect  ol  war  gaining, 
\oi.ieol  which  in.i'.  emphasi/;-  others.  We  mas1  consider  the  dillcieiir  le*  I  lliqtie’s 
in  it* i  n is  ol  tile  i (allowing  list 

I  Mathematical  games. 

Machine  grimes 

i  Hoard  and  In  >ok  keeping  games 

//  -  •  ‘  ,f 
. i  (  i.iiiks  involving  hunttjrs  umpuing. 

j  I  hide  r  the  mathematical  games  arc  included  the  games  that  have  been 
subject  in  analysis  by  game  theory.  Iji  these  games  each  "course  oi  action 
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available  tn  |>no  sick  is  matched  in  ahnatrix  by  a  course  of  action  available 
to  the  other  side,'  and  the  expected  outcome  for  each  comhiuatkm  is  specified. 
The  problem  for  mathematics  is  to  deduce  The  correct  course  of  action  or 
strategy  which  each  player  should  employ.  In  some  eases  the  solutions  indicate 
a  single  best  strategy'  which  each  player  should  choose.  In  others,  however,, 
each  player  has  to  choose  one  of  several  strategies  according  to  a  calculated 
probability.  In  this  method  the  rules  are  absolutely  definite  and  no  umpire 
is  required.  The  method  so  far  has  been  appropriate  to' only  a  limited  number 
of  military  eases  such  as  some  types  of  lighter-bomber  duels. 

Another  type  of  maihematical  name  is  one  in  which  a  series  of  choices  on 
allocation  of  forces  is  available  to  each  side.  One  example  of  ibis  type  is  an 
allocation  problem  in  which  each  side  can  choose  between  allocating  bis  air¬ 
craft  to  otic  of  three  idles:  eountcrair,  counterground,  or  close  support.  The 
problem  for  analysis  is  to  deduce  thioughout  the  campaign  the  correct  alloca¬ 
tion  for  each  stile.  In  this  .filiation,  as  in  the  preceding  one,  the  conditions 
must  he,!  defined  very  precisely  and  the  choices  available  are  limited,  and 
definite. 

Next  are  games  that  involve  computing  machines.  An  example  of  this  type 
is  an  air  battle  game  which  traces  through  the  history  of  each,  individual 
attack  a.nd  the  outcome.  The  rules  foi  each  attack  must  be  specified  in  advance 
and  the  machine,  using  Monte  Carlo  techniques,  plays  through  a  large  number 
of  attacks,  (he  analysis  can  indicate  the  extent  to  which  some  of  the  factors 
that  have  been  included  aie  ciiiicai  to  the  outcome  o!  the  battle. 

Then-  am  •>  number  ot  variations  on  the  machine  methods  which  include 
tiie  addition  of  one  or  more  human  players  who  decide  on  the  attacks  to  bo 
made  and  die  forces  that  will  be  used,  rather  than  having  these  specified 
in  advance.  The  •  machine  then  eariies  out  the  computations  based  on  the 
judgments  of  the  players.  r  '  .  „ 

A  third  calegoiv  includes  the  board  and  bookkeeping  games.  In  these  games 
l he  rules  are  usually!  veiy  definite,  and  they  differ  from  the  machine  games 
io'  lhat  llssf  muiibci  hi  possible  actions  and  flieir  consequences  over  a  period 
o|  time  become  so  numerous  of  interact  so.,  much  thru  they1  exceed  any 
reasonable  machine  capacity,  hi  a  sense  these  games  resemble  chess  panics 
plavcd  on  a  gland  scale,  (  uuues  in  this  category  have  been  used  to  'study 
strategic  air  campaigns,  war  'planning,  and;  procUR-mont. 

h'iiiallv  we  have  names  involving  ‘hum  'hs  m  umnirrs  and  nlaveis  in  tins 
group  the  -.pccirum  is  very 'broad,  starting  with  games  in  which  one  side  plays 
against  fin  umpire  who  isi}  {lie  final  authority  on  the  outcome  of  each  move, 
and  in  which  detailed  mil's  may  or  may  not  be  employ eu. 

i  'min  this  point  we  get  into  the  two  or-mqre  sided  war  'games  ol  which 
indie  are  many  combinations  and  tyjics,  including  games  involving  large 
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numbers  of  players  and  a  large  umpiring  stall.  These  games  are  used  in 
problems  involving  national  and  international  factors. 

Since  the  games  involving  human  umpiring,  decisionmaking,  and  judgment 
are  the  most  widely  used  and  olTer  the  greatest  flexibility,  most  of  the  following 
remarks  on  war  gaming  will  be  concerned  with  this  type. 


11.3.  Steps  in  war  gaming 

Coaming,  like  any  other  analytic  technique.  Involves  h  -number  of  definite 
steps.  Wc  cpn,  somewhat  arbitrarily,  divide  these  into 

1.  Determining  the  objective  os  purpose  of  the  game. 

2.  Preparing  the  inputs  anti  boundary  conditions. 

3.  Establishing. the  decision  rules  and  the  adjudication  mechanism. 

4.  Playing. the  gajnc. 

5.  Analyzing  the  game. 

To  illustrate  some  of  the  cunsideiations  that  are  important  for  each  of  > 
these  steps,  let  us  assume  that  we  are  going  to  use  war  gaming  techniques  to 
evaluate  the  effectiveness  of  a  weapon  system/' 

Determining  the  objective  of  the  game  sets  the  format  for  all  the  subsequent 
steps.  The  objective  indicates  the  complexity  of  the  game,  the  level  of  detail 
that  will  he  included,  and  the 'magnitude  of  the  play  and  of  the  analysis.  1  his 
is  one  ot  those  sell -evident,  statements  (hat  occur  over  and  over  again  in  the 
course  of  gaming  operations  ami  other  analytic  techniques.  It  seems  i>urii<  iilurly 
true',  Of  .gaming;  because  the  type:;  of  problems  chosen  are  u.sualls  faiilv  hmud 
in.  scope  and  allow  many  possible  iiuerprelations  bv  the  human  participants. 

The  hypothetical  problem  we  have  chosen  can  he  ser  up  tor  analysis  .;n  a 
large,  number  bf  .way's.  We  may  choose  a  very  well  detined  situation  at  a 
patticulai  time  under  vciy  limited  conditions,  Wc  may  attempt  to  evaluate 
the  weapon  system  in  a  specific  military  situation  without  regard  to;  preceding 
events  or  actions  in  the  situation  and  without  concent  tor  the  outcome  ol  the 
situation  on  the  rest  of  the  military  campaign.  It  .we  were  to  do  this  and 
present  our  lindiugsi  to  any  reasonable  audience  they  would  immediately, 
and  quite  correctly,  raise  questions  about  I  ho  findings.  They  would  point  out, 
among'  otlici  things,  that  we  had  only  looker!  at  a  single  situation,  that  we 
could  easily  have  chosen  other  situations  in  which  the  rcsults'woiild  have  been 
different,  that  wc  had  not  established  the  specific  situation  as  being  a 
reasonable  one  to  consider;  and  that  we  had  not,  s.n  fact,  been  very  complete 
or  cornpreherrjjvc  iri  our  investigation.  ii 

We  might  afiswer  liy  pointing  out  that  the  problem  we  had  chosen  was  a 
complex  one  and  that  wc  had  taken  as  the  objective  of  our  study  evaluation 
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of  the  weapon  system  under  the  limited  conditions  which  we  had  imposed. 
This  might  serve  to  answer  our  critics  on  this  particular  study,  hut  it  would 
provide  only  a  small  amount  of  the  information  which  the  decisionmaker 
might  require. 

Aware  of  this  possibility,  we  can  consider  the  problem  in  a  broader  way. 
We  might  decide  to  investigate  a  number  of  situations,  each  providing  a 
number  of  different  possibilities  for  the  operation  of  the  weapon  system.  But, 
what  possibilities?  At  this  point,  as  with  any  analysis,  we  have  to  consider  a 
large  number  of  alternatives  and  make  tin  initial  judgment  on  which  possibib. 
ities  are  (lie  most  important.  Two  points  should  be  noted.  The  various  situa¬ 
tions  which  we  consider  represent  judgments  on  the  part  of  the  analysts. 
These  judgments  may  be  unavoidable  for  nijiny  reasons,  but  it  shot'lld  not 
stop  us  from  recognizing  that  these  are  judgments.  The  second  point  is  that 
the  selection  “of  some  of  the  situations  for  sludy,  to  the  exclusion  of  others, 
is  also  a  judgment.  Kuch  of  the  possibilities  might  have  been,. examined  in 
great  detail,  prior  to  deciding  on  which  ones  arc  to  be  gamed,  hut,  at  best, 
the  final  decision  is  an  educated  guess  on  the  part  of  the  analysis.  And  ii  is 
a  particular  type  of  guess:  it  is  a  guess  that  the  specific  situations  which  have 
been  selected  have  a  more  reasonable  chance  of  occurring  than  the  ones  that 
have  been  eliminated.  So  it  is  a  prediction  about  die  future.  In  a  sense  this 
is  one  of  the  major  problems  with  ivnr  gaming.  We  are  forced,  because  of 
real  limits  of  time,  money,  and  personnel,  to  restrict  our  choices  of  situations 
for  study.  But  even  if  these  restrictions  wcie  eased,  we  might  find  that  to 
explore  all  the  possible  situations  which  could  be  imagined,  cither  realistically 
or  not,  would  take  such  a  long  lime  that  our  weapon  system  would  have 
become  obsolete  by  the  time  we  had  enough  analytic  data  to  evaluate  it. 

Because  we  have  to  select  some  situations  rather.,  than,  others,  we  are 
actually  making  judgments  that  the  situations  we  have  selected  are  -more 
likely  to  occur  (we' may  iklso  say  “be  important’’,  “he  more  credibly’',  or  '’be 
the  best  range  of  alternatives'’,  or  some  other  rationale)  •; 'Hu  some  other 
situations. 


We  may  attempt  to  justify  this  by  saying  that  we  are  not  trying  to  predict 
that  the  situations  will  occur,  but  only  in  examine  ihe  a.  Tec  liven  css  of  the 


weapon  system  if  they  should  (recur. 


xs-vVil'r'r  Ia 


determine  whether  they  are  likely  enough  to  occur,  tv  ii,,.,,-:  the  results  of 
the  analysis  useful.  - ,, ,  - 

We  might  try  something  entirely  dillhrenl, might  move  oar  analysis 
into  a  time  period  in  the  iulure  which  i  “.trs''  ’  “ '  v-.'Wahced.  ¥*>  that  even 
though  we  ■  require  .'a  long  period  o.f.  time,  to  my  eym  •  a  -  UiSfgtsrtZiQmn'  c»t 
possible  situations  and  factors  hy  gaivAb  rnmpfs,  we  .cee  -Xiiil!  capable  of  ’ending 
up  with  results  that  the  decisionmaker  can  use.  There  s  a  lot  of  disci^ssidhj 
both  pro  and  con,  on  the  use  of  war  gaming  for ’periods  somewhat  far 
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removed  into  the  future.'  At  the  presen L  time,  no  clear  answer  on  the  up 
plicability  of  gaming  to  remote  future  time  is  possible.  What  we  do  know  is 
that  as  we  move  into  the  future  the  problems  of  prediction  affect  a  number 
of  different  aspects  of  the  game  and  increase  our  difficulties. 

These  problems  of  selecting  situations  to  study  do  get  solved  Sometimes 
the  solution  is  bast’d  .on  the  judgment  of  specialists;  sometimes  it  is  based  on 
an  arbitrary  decision  influenced  .by  the  resources  available  to  the  gaming 
staff;  and  someiimcs  if  is  based  nieielv  on  the  "pious  hope"  that  the  selection 
is  .^011  ud,.  ,f  . 

I  lie  next  step  in  gaming  is  to  prepare  11  if  inputs.  I  he  inputs  must  he 
established  along  with  the  ilefei  initiation  ol  the  objective- and  the  selection  of 
situations  to  he  considered.  Three  main  ivpes  can  be  distinguished:  the  inputs1 
required  to  define  the  locale  or  context  in  which  the  weapons  will  he  used;: 
the  inputs  requited  io  establish  the  operating  characteristics  of  the  weapons; 
and  the  inputs  required  to  cstablislvlho.  effectiveness  of  the  weapon. 

H  in  attempting  t'o  define  the  locale  oi  context,  several  mnjeir  choices  appear 

iijlimcdiaicly.  llicy  uic  le-atcd  iu  me  oiigni.d  choice  of  objective  hilt  take  On 
iit'w  meaning  at  tins  point.  The  choices  include  such  questions  as 
i!  "  I 

•i  Does  .our  primary  concern  with  evaluating  the  effectiveness"  o!  oj.ii  sy.slciil 

lie  in  grand  slialegy.  detailed  stiaiegy.  oi  combat  tactics?  Or  perhaps  we 
may  ask  whethei  our  ..concern  is  with  llu*  system  in  general  war,  limited 
war.  or  hoi  h? 

Mow  complex  a  |intterii  ol  political,  military.  economic,  logistic,  and 
intelligence  events  or  conditions  should  he  included? 

To  what  cxloijji  should  we  limil  or  coiislraih  (he  action  of  each,  side'* 

..  ..  j  '  S' 

The  Answers  that  we  givc  to  these  questions  determine  the  inputs  anil  boundary 
conditions  ol  a  war  game.  ,  "  : 

If  the  war  game  is  eo|.icerned  with  a  gencial  war  siliiation,  tin-  locales  me 
prctly  definite  ~  the  Soviet  Iniion  and  the  I  ini  ted  Slates,  linder  these  c i i 
cumslanccs  the  inputs  will  include,  such  ilungs  as  our  foice  locations,  enemy 
fptjce'  locations,  our  targets,  enemy  ijigets.  etc  At  this  point  we  are.  listing 
the  inputs  and  can  be  as  -exhaustive  as  our  knowledge  ol  the  present  or 
programmed  position  artel  intelligence  will  allow.  When  llu-  play  "I  the  came 
Marls  we  may  find  llial  there  fire  some  crucial  decisions  thal  will  he  made 
which  influence  our  use  of  all  of  iliose  inputs,  such  as  what  our  own  and 
the'  enemy  intentions  will  be.  since  both  of  us  may  have  to  open  ale  with 
limited  resources  or  'under  restrictions  .ax:  lar  as  target  selection;,  delivc  y 
capability,  etc.,  arc  concerned. 

if,  Oil  the  other  hand,  ilie  game  is  conccrjied  with  luiuled  was  situations, 
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there  is  a  large  selection  ol  possible  locales,  with  lactois  in  each  locale  ilia! 
will  very  likely  influence  evaluation  of  the  effectiveness  oft om  hypothetical 
weapon  system.  In  addition,  the  choice  of  locale  will  raise  problems  as  to  the  J 
way  in  which  the  situation  developed, 'since  the  types  of  actions  that  will  be 
taken  wil)  depend  on  this  development.  The  type's  of  inputs  to  he  prepared  i 
>v i  I  lie  influenced  accordingly,  i  aetors  such  is  lorce  availability,  base 
availability,  logistics  feasibility,  as  well  as  terrain  and  weather,  must  be 
included.  All  of  this  will  be'  against  a  political  hackgiouiiel  ol  om  own  mlen- 
tions  a  in.  I  ohjeetives  ol.  our  own  choosing,  as  wed  as  sell-imposed  political 
and  uiii.iiaiv  eons.ii  ainis. 

"Tlie  second  type  ol  input  the  operating  characteristics  of  the  weapons 
presents  additional  requirements.  It  is  not  sullicicnt  merely  to  know  hardware 
characteristics.  Many  edict  factor*  will  become  important:  deployment  and 
einpjoynieivi  capabilities',  sebedules,  limitations,' tactical  proecdutcs.  opeiaiional 
i vquiiemeiits,  serviceability,. .maintenance  rales,  and  eitlici  similar 'factors  will 
have  to  be  established.  If  our  weapon  system  is  one  of  many  to  be.  included 
in  the  ganie  so  that  its  relation  to  other  weapon  systems  ritiV.I  forces  can  he 
seen,  similar  inputs  will  have  to  be  established  ior  the  uilierjsyslcir,',. 

A  lliiid  type  ol  inpii!  is  iccpmcd  to  eslablish  I S i* *  .  Ifeeliyeiie^s  ol  the  wvapem 
} lore  again  there  aie  seveiai  u.wjoi  pioblcms  wi'iicn  deserve  -mention.  (tin  is 
the  lael.ithaf  loi  many  of  our  weapons  we  do  not  have  the  ivpe  ni  hnia  nr 
information  needed.  ()m  e.piiienci  With  cniniial  eoinliiious  essei'l  i:|  I  Is  ceased 
;n  Korea,  and,  although  it  is-  possible  to  make  man'  irdi  iene-.-,  t  >  ■  .i . i  icsis 
simulated,  escr.  I  sc:..  and  held  .Undies,  v.c  inu-.l  uppios.di  she  .•epheatajm  o! 
Ihese  icsiilts  to  aetuai  combat  wild  some  c  notion.  •  V <■>.'  re-.icC-iub;,;  t  • " a i •  i i. 
are  always  diilen.ml  ami  v  e  havi  iio‘’..ieeeptiible  sno  prv  cise  w:tv  ol  relating 
them  jo  combat.  Se.ee.ndK.  most  ol  what  we  do  i.now  is  in  the  nature  ol 
riv.it ll>;  or  value,  loi;  particular  situation:.,  inn  in  om  gaming  we  may  be 
dealing  with  situations  having  charaetei  tslies  that  ditlcr  1 1  pm  tbose  to  wliii  n 
tile  available  ic.slllis  ui  values  apply. 

|''irsr  are  some  ol  the  •  ei  ;ili  i  elite!  it  c  whuli  liiilsl  be  me  l  ill  pivpai  in;:  inputs 


In  evffy  ease  possible.  quantitative  meieailes  aie  useil,  hill  mew  .  i  J  t '  mam 
■.iocs  v,  ll  "I  e  ’  tins  |.  nol  pos-abl-.-  and  wlleie  lea  soiialil-.-  piili'liic'il  .  me.’e  lo  be 
made.  In  sonic  cases  onl\  the  \ei\  bioadisl  sl.alemeals  aie  "ailln  u  ni.  wluie 
in  oilier  eases  il  is  necess  io.  to  be  as  I'teci'-V  and  deimiti  a-.  !  1 »'  Hula  and 
inhumation  .permit,  the  amount  oj  'i|  will  diOc  t/nm"  panic  to  game, 
ilepending  on  the  paiiicul.ii  pioblem  being  analyzed.  run.  nnlik.e  m.uiy  other 
leehiiiqncs.  Hie  mieer I ainty  ahon'i  bow  line  plat  ol  a 'game  will  develop  mak.  . 
i!  ditiicttli  to  determine  the  correei  detail  ini  all  oi  the  inputs  in  advance.  I  lie. 


requires  obtaining  or  developing  additional 
The  i  ue  ,\t  step,  fob  owing  preparation  ol 
the  establishment  of  the  decision  rules  an-e 


data  as  the  game  progres 
the  inputs  am!  related  to 
I  I  he.  a d j  ud i ca t  ion  median 


ses. 

them,  is 
ism  that 
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will  he  used  to  enforce  these  rules.  In  some  cases  the  ruies  and  the  mechanism 
are  prescribed  in  advance  so  completely  that  all  the  special  events  or  moves 
in  the  game  can  he  assessed  with  little  dillieully.  In  the  majority  of  games 
in  which  any  degree  of  complexity  exists,  this  is  not  possible.  The  usual 
method  for  dealing  with  the  latter  condition  is  an  umpiring  or  control  system 
which  decides  uri  all  eases  where  the  data  or  rules  are  inadequate  for  the 
situation.  The  control  function  is  a  way  -of  using  judgments  to  till  in  our  lack 
of  data  or  knowledge.  The  judgments  arc  based  on  whatever  evidence  exists, 
plus  as  much  expert  opinion  as  can  he  produced.  In  many  cases  these  judg¬ 
ments  are  not  particularly  critical  to  the  outcome  of  the  game,  hut  are 
necessary  to  keep  the  game  from  hogging  down  when  a  situation  arises  where 
Hie  data  or  rules  are  not  complete  or  clear.  In  two  kinds  of  eases,  however, 
judgments  can  he  .very  critical.  One  ease  is  when  the  judgment  applies  to 
a  particular  event  or  situation  so  important  that  it  affects  the  entire  outcome 
of  tlic  gan|c  and  the  evaluation  being  conducted.  The  other  ease  is  when  the 
judgment  llpplies  lid  some  set  of  actions  or  events  which  occur  with  such 

.  *>  .  V  j‘  I 

great  frequency  in  the  game  that  (hey  accumulate  in  a  mariner  that  affects 
the  evaluation.  Judgments  about  the  effects  of  a  weapon  that  il  used  a  number 
(if  times  in  the  game  are  in  this  category.  In  some  situations  it  is  not  possible; 
lo  establish  what  the  effect  will  he  within  several  orders  of  magnitude.  II  the.! 
analysis  depends  very  heavily  on  the  judgment,  il  may  lie  necessary  to  review 
Ihc  game,  taking  several  different  values  Ini  the  effect,  to  dclciminc  how 
sensitive  tin  evaluation  is  to  the  judgment. 

The  next  step  is  the  play  ol  the  game.  There  are  many  different  techniques 
for  carrying  out  game  play  that  will  not  he  considered  here.  However,  several 
aspects  related  lo  game  play  an  worth  mentioning.  In'  the  play  of  a  game, 
where  a  number  of  alternative  moves  exist  at  any  given  time,  only  one  alter¬ 
native  can  he  examined  fUa1  any  given  play.  Theoretically,  a  type  of  gaming 
could  he  dcvi 'oped  that  would  explore  till  the  allciaiativcs  for  all  possible 
values  of  inputs  over  large  .ranges  of  Uncertainty,  with  many  different  values 
being  assigned  to  each  factor  in  ihc  game.  At  die  minimum  this  would  he 
an  expensive  undertaking  for  games  involving  human  decisions. 

<  ietierallv,  however,  a  decision  has  In  he  made  as  to  which  of  the  va' 


I  moves  will  hr.  chosen.  'I  If  is  decision  may  ultimately  depend  cn  the 

intuition  and  judgment  <>!  the  game  participants.  This  is  different  Imm -t.be 
judgments  made  or  the  intuition  exercised  at  the  .siiui  oi  the  .analysis,  'these 
oi  iginai  jiidgiuenis  are  really  the  avsuir.f.iions  of  the  analysis.  U. pc.  ran  examine 
these  initial  assumptions  iuul,  within  limits,  modify  them  si's  as  in  ex1,  pm  lire 
results  of  different  assumptions.  In  the  ease  of  game  play,  the  jiuipnVihifx  used 
U>  elect  one  alternative  rather  than  another  during  the  play  of  the  game  are- 
added  to  the  original  assumptions  and  serve  to  compound  our  analysis 
problem. 
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Another  point  in  game  play  concerns  the  termination  of  a  game,  In  all 
our  parlor  and  athletic  games  wc  have  Some'  form  of  stop  rule,.,  like  the 
“checkmate”  of  chess  or  the  ninth  inning  without  a  tie  score  in  baseball.  We 
know  when  the  game  is  over  and  we- know  who  has  won.  In  war  gaming  we 
sometimes  know  neither.  It  is  true  at  the  games  come  to  an  end  and  that 
this  eud .  is  sometimes  definite.  For  example,  our  weapon  system  might  have  •> 
.completely  destroyed  the  capability  of  the  enemy  to  light  further  in  any 
effective  military  manner.  .''T  here  sfill  may  he  questions  about  the  long-tcrfn 
solution,  but  1  he  sc  are  not  critical  to  tlie  evaluation  of  the  system.  This  type 
of  ternfination  is  very  rare.  Usually  wq  are  left  with  a  situation  in  which  part 
of  the  military  capability  of  both  side's  h’ai>  been •  destroyed,  but  a  residual 
capability  exists  making  it  possible  to  indicate  ways  in  which  military  opera¬ 
tions  could  continue  and  could  a  fleet  our  evaluation. 

The  "most  frequent  termination  of  a  war  game  is  by  an  administrative 
..decision  that  the  game  will  reveal  no  more  significant  material  for  analysis. 
Although  this  method  yl^  termination  mav  not  be  completely  satisfactory, -the 
present  state  of  bur  knowledge  offers  no  better  substitute. 

The;  dirndl  step  ip  gaming  is  tinalysis.  During  the  course  of  a  game  a  large 
amoufit  of  a  infor ovation  of  many  dill'erent  kinds  is  accumulated.  1  ach  move 
cycle  in  f hit*  game  involves  actions  taken  by  both  skies.  If  iheic  aie  a  large" 
inmihcr  of;  moves  theie  may  he  .a  sizable '  hooy  ol  data  about  t'ne  allocations 
of  friendly  forces,  weapons,  and  iesuure.es;  the  objective  ul  the  allocations', 
tile  enemy  allocation  of  forces,  weapons,  and  tesources  and  their  objectives; 
and  the  outcome  of  each;1  interplay.  If  fhc  gaming  situation  is  very  broad 
,'oese  nniiiaiv  move  cycles  will  be  accompanied  by  logistics,  political,  intei- 
b genre  and  economic  moves  -,i.i  outcomes  With  this  niucli  data,  different 
types  oj  analyses  can  be  .yan'1'-  =_  '  \  ■ 

One  type  of  analysis  is  an.  overiaii  evaluation  ot  the  game,  showing  how 
various  moves  contributed  to  the  final  outcome,  t  his  is  sometimes  Itcd 
I iv  ;l  crilica!  narrative  ol  the  game  outlining  the  actions  and  countci'ac-.ionv 
of  each  side,  the  narrative  may  leave  several  functions  if  can  pievii.k-  a 
synthetic  history  in  which  the  various  conditions,  circumstances,  and  actions 
affecting  the  use  of  the  weapon  system  can  he  appreciated, "or  in  scfnie  eases, 
•re-examined  to  determine  their  influence.  Or,  if  may  pi oviile  a  test  bed  m 
which,  bv  changing  some  of  the  initial  assumptions,  other  alternatives  in  the 
use  ot  tffe  weapon  system,  ur  perhaps' other  weapon  systems,  can  Iv  explored 
Keletcd  to  this;  ovci-all  evaluation,  or  ill  some  eases  quite  independent 
.of  it,  is  an  analysis  ol.  some  particular  aspect.  In  the  ease  ol  a  sveapny  system 
if". mav  be  1 1  fe  effectiveness  o i  the  svslent  under  the  dillcicnt  conditions  that 
anxse  during  ■„ the  course  of  the  game.  Fpr  example,  we  may  be  interested  in 
such  things  as  the.  number  of  limes  tlicfc  was  an  opportunity  to  commit  the 
.system,  the  number  ^«f  casualties  produced  per  unit  committed,  and  the 
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logistics  requirements  lo  obtain  a  given  ievcl  ol  elTcclivencss.  In  these  P,  pe,> 

. ->  analysis  much  ol  the  more  general  iiiatcn.il  of  the  game*  will  not  he 
significant. 

Another  type  of  analysis  is  concerned  with  the  factors  that  inlluenec 
elleetiveness  ol  ihe  system  -from  political  constraints  ami  intelligence 
requirements  to  weather  and  tenain  conditions.  This  type  of  analysis  may 
he  quite  independent  ol  the  particular  moves  made,  simph  '  examining  each 
of  the  many  situations  lliat  developed  in  terms  of  weapon  elleetiveness. 

Still  alourth  l\pe  ol  analysis  is  concerned  with  ideiitih  im>  problems.-  loi 
example  those  that  arise  in  the  deployment,  employment,  oi  opeiation  of  our 
.hypothetical  weapon  system.  In  these  case's  the  main  function  of  the  analysis 
may  ho  to 'indicate  the  problem  aiea  so  that  it  can  he  investigated  liu.lher  and, 
perhaps,  lead  lo  a  lechuieai  study  ol  ways  lo  oveieome  it. 

The  primary  point  is  that  a  number  of  dilfcrent  and  1 'rcqucutly  interrelated 
analyses  can  ;be  made,  since  a  war  game  is  generally,  a  source  Of  opinions, 
attitudes,  and  judgments  about  the  particular  analysis  being  undertaken,  as 
well  as  a  very  rich,  source  ol  data. 

The  final  point  on  gaming  concerns  the  validity  of  the  lindings.  I  hole  are 
two  extreme  positions" 'on  this  point  tlu\!  have  been  taken  hv  people  familiar 
willi  gaming,.  One  side  boids  that  games;- are  so  restrictive  in  nature,  so  parked 
with  assumptions  and  indgmen.fs.  so  Imaicd  in  the  eimibci  of  possibililie.s  lliai 
can  be  csnlored  an, I  so  artificial  that  lev.  ;l  ,,n\  ol  the  lindint’s  should  be 
icgarded  as  valid.  Ihe  other  side  i, taint. mis  that  i.amv ,  are  models  ''''he 

■I  •'  .  •  .  ,  .k  \ 

same  sense  as  many  ol  our  other  analytic  models,  that  Miev  'u ioi;  of  V. .jeecs 
and  coinilcieheeLa  in  the  actions  that  lake  place,  dial  they  prodn-s:  lir, dings 
not  available  lo  any  otlici  metlioii,  and  that  i!:c  finding".  Ii.oe  to  he  act  cpicu 
■  as  sullii  ieiilly  valid  loi  tlie  kind  ol  complex  situations  •fl.J  games  i.luev.  !l 
tjhey  are  to  be  used  as  the  basis  for  decision,  or  at' a  minimum,  lo  lead  to 
ibe  use  of  oilier  techniques  which  can  provide  additional  validalion  i v i ... 
dependent  of  the  game.  • 

!p  gen  .  re.!.  : t ■-  ‘.he  validity  of  came  iindmi’s  no-,;  rug  dins  led 


at  the  tii!  tl'iod.ologv  used  I'liev  are  aimed  at  the  lypo.  ni  .piobl.-nr  eh  own 
le,r  ;i  ri .  1 1  s  a  is  I  liese  problems  nstj’allv  include  mam  a. peel  Dial  an  dilliee.li 
lo  define  ciearlv  or  measure  precisely.  I  lies  deal  with  events  oi  elmioes  m  the 

I 
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LMc.vU,  and  lh‘’V„  involYi*  siM i;i f ioi is  m  V>lncli  holli  i* !•  s  liavr  m;iu\  pn;;.  :!i.i- 
Va'Uisi’\  *  •  I  ;id  »«'ii  *  i  !i*il  l  haiiuc  i  i  i>m  imu  lo  lime  1 1 1 1 1. 1  iil*  ilk-  '..miiu1.  1  Insv 

fvj.'H'S"  ui '  pf tiHlcjns  ai'j  i. ! iHici; ! l  lo  liandU*  h\  anv  analytic  tYcluiii  |ik\  and  L ! i 
v’.alulilv  iif  Uu  liiidin.iis  can  be-j'khkd  only  ill  lufhi  of  the  asaimplmns  mndo. 

i  .  *  ,|  ll 

,the  ilaclors  and  pritei  in  established.  and  the  alternatives  investigated  lot  a 
specific  piobi.eui. 
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l  ,.-.,,,.1  I.  lii-.-i  .>  I  i>»  » » >  i  1  i  |  .  «■  i  ■  m-.\Kli>ms  dm  me 

l  v  1 1  tliaii  .n.m  iimm  nuun.n.i  mi  i  inn  «.i;>  i\- \i  »*•  ■  i » •»*  ■  l  n  •  _»  j «.  . '"r 

WorUI  War  It,  when  operations  research  came  into  iis  own.  I  hose,  early 
analyses  dealt.  .with  problems  nf  miiitan  operations  liuxx  Ip  yet  the  most 
out  of  equipment  that  was  alreadx  in  being.  At  the  lime,  mane  plixsica! 
scientists  ami  malhemalieians  tell  (as  one  ol  them  pul  it!  "'hat  relatively 
too  mueli  seientilie  ell'ort  has  been  expended  hitherto  in  the  production  of 
new  devices  ami  too  little  in  the  proper  use  ol  what  we  ha\e  got1”.  I  he 
si  ibst  itni  ion  ol  a  highlv  nimlxlit  method  a  method  employing  modern 
m. iiheiiialie.il  ami  slalishe.il  techniques  lor  intuition.  or  trill  and  error,  it 
was  believed.  could  pioxide  heltei  answer.  In  main  operational  'problems. 
These  ear!1.'  elforls  tnet  with  notalde  success. 

After  the  war.  when  iv-.<  at  eh  and  development  hecnui1:.  of  paiamouni 
1 1 1 1 1  )•  a  lams  |  j  it  -  i  i  ■  v,  as  '  i  iialiir.il  urge  !o  put  the  same  iinxxeriul  methods  to 
Muik  on  development  .ilecisioiis.  the  basic  piohiem  oi  ucxciopmciit  is  now 
i,i  net  maximum  icsulls  Irom  limited  resources.  Iluimm  ingenuity  being  what 
it  is.  liie; e  arc  aiw.os-a  laigei  niimher  ol  sx  stems  tli.a  might  he  dcxclopcd 
t.1  perlorm  paitieul.n  missions  than  we  can  aifont.  i  lie  miliiaix  is  tmvnl  hv 
budget  eonsiiaim.s  ii»  '*',ife  difficult  choices.  Ohxiously,  sv',|,ematie  auabsis 
can  make  an  uviytoitaut  eonlribulion  to  lliese  choices  Hut  having  agieetl  a  *  ■  s 
that,  tile  htittie  has  onlx  begun.  Ils;  leal  question  is  what  kind  ol  aual\  »is  is 
appi opriale  to  development  decisions. 

In  answei  iii  ibis  i.ue  ot  the  first  Ihings  lo  icco'.mi/.e  is  lliai  makini; 

1 1 1  ocul  ■■'.aeiil  oi  opei  ai  ion. n  delusions  is  a  xciv  miicrciii  business  iruin  making, 
development  division.  the  pmhleio-.  a\sil,;ialed  with  hnx  im>.  ex  •  terns  that  ale 
alieadv  ilevrli  ipeil  are  1101  lib  s.i,',,,  .  llios-'  ass- iateu  will)  gel  I  me.  '.\  -.leur. 

1 1 1 k  1< •  i  de\ eli ipmeni . 

When  a  piocmviiicnl  diVi-ioii  e.'  n-quired  thcie  is' dilen  a  good  dial  of 

uiieel  lainl  y"  about  lire  potential  usel  ill  ness  of  the  system  o;  .systems  -tindef 

enn-.iilei alum  and  there  max  he  \t»inc  uneei la'mlv  about  how  lliex  will 
'  ■  'j!'  .  ..  ,  .  _  ,  >  | 

"periorm:  Nonetheless.  x\e  n.oe  a  »pi't  1 1 ;  good.  utea  anon. 


.  i , . 


Vnl 
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know  within  fairly  nartofi’liimits  how  much  the  systems  will  cost,  and  we  are 
reasonably  confident  about  when  they  will  he  available.  For  purposes  of  his 
analysis,  the  analyst  can  take  these  as  given  He  can  systematically  compare 
the  various  alternative  forces  he  might  procure,  and  on  the  basis  of  some 
appropriate  criteria,  such  as  the  cost  of  destroying  a  fixed  target  complex, 
select  the  optimal  force  structure.  11c  may  still  have  to  contend  with  serious 
strategic  and  political  uncertainties,  hut  about  the  particular  parameters: — 
performance,  cost,  and  availability  he  has  reasonable  assmunce. 


By  .contrast,  when  a  development  decision  is  required,  uncertainty  is  the 
keynote  uncertainty  about  when  .the  newest  creations  can  l»e  available,  how 
much  they  will  cost,  and  how  they  will  perform.  To  those  who  have  had  even 
casual  contacts  with  development,  the  fact  of  uncertainty  hardly  needs  elabora¬ 
tion.  But  sometimes  we  (conveniently)  forget  how  f'lir  our  predictions  have 
missed  the  mark  in  the  past.  For  example,  we  have  found  that,  estimates  of 
cost. of  production  are  seldom  within  a  factor  Of  ot  actual  costs,  and  not  un¬ 
commonly  arc  oil  hy  factors  of  from- 5  to  1(1  Similarly,  slippages  in  time  to 
operational  status  of  front  2  to  5  years  are  not  unusual.  I’eiloxhtance  param¬ 
eters  arc  generally  more  accurate,  but  even  here  differences  ol  ?„S  per  cent 
front  original  estimates  arc  not  uncommon’.  • 


What  docs  this 


III1WV-  I  Hit  lllj 


for  development  decisions?  You 


simply  say,  "It's  u  hard  world,  hut  we  do  have  to  make  choices.  All  wo  can 
do  is  construct  the  best  estimates  possible,  and  make  choices  on  that  basis”, 
in  other  woiJ.%  all  we  can  do  is  systematically  compare  promising  systems 
and,  using  our  best  estimates  ol  cost,  performance,  and  ;,ivailahilily,  choose  the 
one  which  appears  optimal. 

Siiit  the  trouble  with  this  answer  is  that  it  ignores  pm  importmil  fact  about 


development-,  namely,  that  initial  uncertainly  can  he  and  >  reduepi  as  devel¬ 
opment  proceeds.  Injifact,  reducing  uncertainty,  or  acquit ing  knowledge,  is 
the  whole  purpose  <->l  development.  Systems  developments  do  not  directly 
poultice  any  operational  svstems.  What  they .  do  produce  is  knowledge  - 
knowledge  about  how  parlieulat  configurations  will  work  outAvhich  configura¬ 
tions  are  [rest,  how.  they-  can  best  he  produced,  and  how  various  components 
i  an  he  put  ingethei  inio  a  reliable,  smoothly  functioning  whole  Not  knowing 
about  these  things  is- the  cause  of  our  initial  uncertainty  about,  costs,  availabil¬ 
ity  dates,  and  perfomiance.  Accordingly,  learning  about  these  things  as  devel¬ 
opment '  progresses  reduces  03.H  unccilainly. 

lie.  arise  uncertainly  is  reduced  as  development  progresses,  the  aft  ol  making 


-  Performance . estimates  tend 
time,  the  other  two  variables,  are 


to  lie  more  accurate  simply  because,  money  and 
sacrificed  to  meet  original-  performance  -require¬ 


ments.  When  initial  predictions  on  availability  dates,  costs,  and  performance  cannot 
simultaneously  be  met,  something  has  to  give,  and  usually  that  "soriicthaig  is  a 
combination  of  the  firs),  two.  “  "  -i  , 
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development  decisions  is  one  of  selecting  an  appropriate  strategy  rather  Ilian 
one  of  selecting  the  optimal  system  at  the  start.  Sonic  alternatives  can,  of 
course,  he  eliminated  "o|j  the  basis  of  early  studies,  but  there  are  still  likely 
to  he  two  or  three  among  which  we  arc  unable  to  discriminate  on  the  basis 
of  early  estimates:'  The  piobiem  then  is  to  adopt  a  development  strategy  that 
will  provide  the  information  necessary  to  make  a  choice.  This  is  likely  to 
mean  initiating  a  development  program  that.  Jit  first,  is  consistent  with  several 
different  end-products.  Then,  stage  by  stage,  as  development  progresses,  the 
various  alternatives  are  re  evaluated,  and  the  menu  is  narrowed  lo  arrive  at 
the  final  system. 

’i'hc  fact  that  development  produces  information  about  costs,  about 
performance,  and  about'  availability  dates  has  important-implications  for  the 
conduct  of  systems  analyses.  The  possibility  of  reduepig  uncertainty  adds 
another  dimension  to  the  decision  problem.  It  is  no  longer  adequate  only  to 
ask  which  among  possible  alternative  cml-produrts-  appears  optimal. '  We 
must  also  ask  whether  it  would  pay  to  buy  more  information,  that  is,  to 
undertake  development  up  to  some  later  stage,  before  a  'final  choice  is  nfade. 
Paradoxically,  die.  analysis  intended  to  provide  a  basis  for  ojioice  among 
promising  alternatives  must  also  address  itself  to  Ihe  question  of  what  choice 
now  is  really  appropriate. 

To  illustrate  this,  .consider  the  following  simple  example.  Suppose  the 
problem  is  to  decide  on  a  course  ol  action  with  respect  to  a  future;  K  BM 
capability.  We  have  narrowed  our  eatly  list  down  to  two  piomising  alter¬ 
natives:  (I)  Missile  A,  which  uses  a  storable  liquid  nmpellant.  and  (.h  Missile 
If,  which  uses  a  solid  propellant.  To  simplify  things  tel  ns  liv  the  opeiational 
da'/es  of  the  system  and  fix  the  capability  that  11,111st  lie  -available,  in  practice, 
of  course,  these  will  not  lie  fixed.  In  fact,  as  1  am  sure  the  reader  is  aware, 
much  of  llic  ellorl  in  systems,  analysis  is  devoted  to  examining  alternative 
system  capabilities  to  evaluate  their  usefulness.  But  for  our  particular' problem 
we  can  lake  the  capability  as  -  given,  without  doing  any  violence  to  the 
argument,  and  thereby  reduce  the  number  of  varutblcs  lo  one  -namely,  costs. 
What  we  want  then  is  to  achieve  the  given  capability  during  the  given  time 
period  at  minimum  cost-- -where  cost  is  defined 'to  include  all  costs  ot  devil 
opulent,  proem ement.  and  operation.-  When  confronted  with  this  problem. 
Ihe  decisionmaker  is,  of  course,  uncertain  about  which  ol  die  two  altci  - 
natives  will  in  fact  yield  the  minimum  cost,  l  ot  us  assume,  for  the  sake  ol  a 
simple  example,  that  his  best  judgment  about  probable  costs  ol  Missile  A 
and  Missile  B,  based  on  the  information  available  lo  him,  is  summarized  m 
Tig.  1.1.1.  This  figure,  in  other  wurdjs,  pCTtmys  his  personal  estimates  ol  the 
probable  costs  of  these  two  missile  systems. 

hi  brief,  our  decisionmaker  is  convinced  that  Missile  A  will  cost  either 
$8  billion  or  $  111  billion  and  that  these  two  are  equally  prohaiiie.  Similarly 


’  t() 


'  s\ 


(  mi  (hilli.im  «>l  iloMais) 


l  i;a.  I M  Probable'  costs  ot  Missiles  A  .mil  |i 


lie  is  c.onvi iii'i't I  llial  Missile  15  will  cost  eilheir  t>  7..S  Inllunl  or  S  kk‘>  billion, 
mill-  .igain  with  cullal  probabililv.  If  lie  '.'.ere  pleased,  ol  course,  lie  mlyhi 
say  lie  i.. rally  believes  lliere  is  a  eonlimioiis  ilisl'  iluiliaii  of  costs  :;\y|neh  .  the 
missile  could  lake  will]  cm  lesponilmir  |  ■.!  »;il  >i  I  n  ii-s  I  tut  lonlmuons.  ilisii  bul¬ 

lions  are  noi  icniiik  uansiairii  inin  aiiilimclii:  >  -am|ili"..  sn  we  ii.n'r  resorted 
lo  this  lie! inn  '•  Irrji  mu  esample  verv  '.iniple. 

<  1 1  \ •  1 1  lie-  1 1 .  ’  -  i  •  i;  1 1 1  <  >i  i  shown  in  lip  I  ’’  I,  iln  \li  .  I'.k.iiiiiakii-  'niyli!  -.impld1 
•.a','.  1  '.ball  iiU'he  a  choice,  ami  (be  i;ilinnal  limiiv  is  111  si'lecl  tin-  '.'.skill 

with  l  lie  luwi'sl  i.\  peel  ill  cosl".  In  nlliei  wools  he  mii'.ln  simple  elinose  Missii. 
A  '.ai  5 1 n ■  i*r « il 1 1 ill;,  llial  il  lie  i.iak.es  siieli  deciMoii',  lepcnk'dls  lie  wniilil  i'\jvcl 
an  av.'inee  cos!  ni  billion;  Ini  Mis-d.  \  . ij > j s-.i  !  |..  S  Ill  s  billion 


for  Missile  Ik 

Given  inti  ilec.h iomn.ikei  \  esln nates  o.i.  plobable  costs.  (Iieie  are  lour,  ami 
iH|Iy"| mil .  possible’ slates  ol  the  ical  world  ilial  call  cxisf.  1  iiese  aiC  sluiwnf 
m  I  able  i.'.l.  !  be  lii'iires  in  liie  iablc  iepi  esenl  I'  e  loin  pn.sibl.v  iafViiibii'iaiioii'. 
ol  i'ii.v;  tier  Missile  A  ami  Mi-.sili  1!  v.v:ieb  i  oulvi  .ly  .'iitv  ^I'-ei'.  the  probable 
C-o.l.  estiinales  shown  in  hie  I.’.l  •=. 


I  Mil  l  I  1  I  " 
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I  lie  loin  possible  combinations  ol  i. n  ,l'|j  tlbi  iiiiv.tle.,  A  and ! B 


..  COS',  ni  Mis.iii.e  A  K  usi  of  Mn...iie  B  • 
State  of  the  world  (billions  of  $)  ''  ipbiMiims  ■>(  V) 
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Si  (or  slab'  of  (Ik-  worlijl  d)  is  the  ease w i l o ic  Missile  A  costs  $  8.0  billion  e 

and  Missile  H  $  I  T5  billion.  S*  is  the  ease  where  Missile  A  costs  $  10.0 

billion  and  Missile  It  $  IT. 5  billion,  etc.  When  our  decisionmaker  is  first 
confronted  with  the  problem,  of  course,  he  docs  not  know  which  of  I  Arse 
four  situations  is  in  fact  true,  If  he  chooses  Missile  A,  that  is.  if  lie  efu  >scs 
on  the  basis  ot  expected  costs,  and  il  cither  S|  or  Sj  is  the  true  state  of  the 
world,  the  choice  of  Missile  A  will  have  been  best.  Hut  if  he  chooses  Missile 

A  and  cither.  S-*  or  S .  is  tlie  irue  state  o!  the  world.  then  the  choice  of  A 

means  lie  lias  bet  on  the  wrong  horse. 

1  he  latter  uiihtippv  stale  of  allairs  {that  is.  helium  oh  the  wroim  h  o  is .  ■ )  be 
would  very*  much,  like  to  avoid,  lint  if  he  cannot  get  more  information  as  a 
basis  ioi  nis  decision,  he  cannot  improve  on  a  sti aiglHkn'w aid  choice  ol 
Missile  A.  It  is  at  this  -point  (hat  the  second  observation  cited  earlier  about 
the  nature  of  development  becomes  relevant.  The  reason  we  undertake  dcvcl- 
.  opment  is  precisely  to  get  information  information  tliaL  will  reduce  uncer¬ 
tainly”  ll  'our  decisionmaker  has  an  opportunity  to  improve  on  the  reliability 
of  his  cost  estimates  ill  rough  partial  development,  he  may  then  be  aide  to 
ii uprose  on  the  results  he  would  get  by  simply  choosing  Missile  A. 

To  illustrate  this,  let  us  take  I  he  extreme  ease  and  see  bow  miieh  it  would 
he  worth  to  him  to  find  out  with  .'.certainty  which  of  the  four  situations  m. 
t  able  12.1  is  Hu-  trite  slate  of  affairs.  In  other  words,  we  are  now  asking 
how  much  our  decisionmaker  would  be  willing  in  pay  Id  determine  which,  ol 
these  foui  actually  exists.  In  order  n>  unswoi  this  gin, One.  !c!  us  in  .!  aippo-.c 
lie  is  lolii  which  ol  t!u •  four  is  tine.  When  he  is  told  dial  eillier  S|  oi  S> 


is  line,  lie  will  choose  Miss 


he  did  before,  because  ibis  will  give 


him  the  lowest  cost,  liul,  when  he  is  told  that  S-:  or  S|  is  hue  he  v/d!  choose 
Missile  It,  because  Missile  B  now  gives  Ihe  lowesl  cost.  Whenever  lie  is  lold 
Sa  is  true,  he  "will  -.av-:  $  '•} A  billion  ovei  whin  it  would  have  cost -to  choose 
Missile  A,  and  whenever  Si  is' tnjje  he  will  save  $2.5  billion  over  what  his 
cost  would  have  been  had  he  chosen  Missile  A 

Naturally,  at  the  time  be  lias  io  make  his  decision.  Ik  tievei  n  ally  knows 
which  oi  tile  lour  will  lum  out  to  he  Srue.  In  I'm  1.  lie  icgaiyls  c.ich  as  equally 
likely  lo  each  h.e  lias  assigned  a  pmbabilily  ol  O  !S  tbal  il  will  be  the  one 
th.it  actually  exists.  Therefoie.  bis  average  or  expected  saving  is  0.2.5  Sits 
billion  $0,125  billion  pins’  0.25  S' 2.5  billion  $  if  fi 2.5  billion,  or  $0.75 
biiiion  in  all.  ill  olhei  wools,  knowing  which  <v}  the  lour  siliialii.ms  achUlllv 
bolds  irue.  i-;"  worth  $  0,75  billion  to  our  decisionmaker,  and  if  there  is  any  wav 
be  can  get  tips  inlormatinn  at  a,,  cost  of  lev.  than  $  0.75  billion,  it  will  be 
inlinnnl  fm’  him  in*  so.  lo  b.e  more  spi-cilie.  il  lie  can  delcinuiic  ihe  eosi1. 
oi  Ihe  iw.o  altei  natives  l>\  carry  mg  noth  info  development,  he  can  alloiii 
to  spend  up  to  $  7,50  [billion  on  one  ol  tile  missiles,  even  though  it  is  i]iven- 
tuallv  cancelled.  s  /  .2 


r 
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In  the  real  world  the  problems  faced  in  making  development  decisions 
clearly  are  "much  more  complex  than  in  our  simple  model,  but  it  is  not  the 
purpose  of  the  mode!  to  reflect,  in  all  of  its  complexity  the  real  world  situation. 
Nor  do  I  want  to  le  ye  the  impression  that  rand  is  engaged  in  constructing 
such  models,  filling  in  the  appropriate  numbers  and  applying  them  to  devel¬ 
opment  decisions.  The  purpose  of  this  model  and  such  models  generally  is 
to  help  us  understand  the  essential  nature  of  the  devejopmenl  decision 
problem,  so  that  when  a.  spredic  analysis  :s  carried  out  it  can  be  done  properly.. 
Liven  when  it  involves  no  formal  model  at  all.  This  particular  model  shows  why, 
in  making  development  decisions, '  it  is  necessary  to  take  into  account  more 
than  our  current  hest  estimates  of  how  particular  systems  will  work  out. 
The  alternatives  open  to  the  decisionmaker  are  not  limited  to  choices  among  ' 
particular  end-products,  that  is,  weapon  systems.  To  be  sure,  lie  wil  wani To  -  , 
compare  end-products,  but', that  is  only  a1  part  of  the  problem.  He  will  also 
wajft  to  take  into  account  the  possibilities  of  initiating  tjj  development  program 
thajt  is  specifically  designed  not  only  to  lit 'mg  him  closer  to  an  operational 
system,  hut  also  to  provide  information  as  a  basis  fui  a  final  decision  to  lie 
made  later. 

•The  importance  of  t'nis;,  for  systems  analysis  can  hardly  be  overemphasized. . 
Hirst  ami  .foremost  the  analyst  himself  must  understand .  the  nature  of  the 
problem;  he  must  recognize  that  choosing  the  seemingly  optimal  system  now, 
on  the  basis  of  whatever  information  happens  to  he  available,  can  lead  to 
far  fi out  optimal  results.  In. other  words,  lie  must  pose  the  right  set  ol  alter¬ 
native  course:  of  action  both  for  himself  and  the  decisionmaker  Once  he 
has  dime  that,  he  Uiust  provide  add  analy/L  whatever  information  is  available 
and  icievaiil  to  that  set  of  alternatives.  In  general,  this  will  mean  mmy  than 
estimating  the  expected  costs  of  the  alternative  systems  under  consideration; 
it  means  more  than  quoting  the  estimate  of  $').()  billion  for  Missile  A  and 
the  estimate  of  s  in.S  billion  for  Missile  H  It  is  particularly  impoiiani  for- 
him  to  include  these  four  additional  factors  m  Ins  analysis; 

1.  How  much  uncertainty  exists. 

2.  What  steps  can  lie  taken  to  reduce  uncertainty. 

-  3.  How  much  it  will  cost  to  reduce  tMiccitaiiity 

,4  How  much  uncertainty  will  he  reduced  as  development  progresses. 

\  Unfortunately,  in  reai-lilc  applications,  ready  answers  to  ihcse  questions 
arc  seldom  available.  For  the  most  part,  they  must  he  qualitative,  and  even 
Where  quantitative  answers  are  conceivable,  as  in  point  3,  they  arc  themselves 
subject  to  great  uncertainty,  1 1  is  worthwhile,  however,  Lo  discuss  each  of 
these  in  a  little  more  detail. 
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12.1.  How  much  uNci'.KiMNn  i  xisrs 

!! 

The  probability,  distributions  which  vrc  used  in  our  little  example  to  reflect 
uncertainty  about  costs  are  purely  subjective  in  the  sense  that  they  summarized 
the  "feelings”  of  the  decisionmaker  in  regard  to  how  much  Missile  A  or 
Missile  B  might  cost.  The  problems  of  trying  to  construct  such  distributions 
for  actual  systems -developments  obviously  are  enormous,  just  to  mention  one, 
for  example:  Whose  judgment  as  to  the  character  of  these  distributions  should 
we  accept?  ,  • 

Nevertheless,  it  is- important  to  get  some  notion  oj  how  uncertain  "wo  feel 
about  our  estimates,  since  Che  amount  of  etlort  to  he  devoted  to  buying 
information  about  various  alternatives  depends  in  the  ii,  ,t  instance  on  how 
uncertain  wc  arc  about  these  alternatives.  It,  lor  example,  we  •  had  been 
convinced  that  Missile  A  would  cost  $  K  billion,  with  a  d‘)  per  cent  probabil¬ 
ity,  and  $  10  billion,  with  only  a  i  per  cent  probability;  while  Missile  It  would 
cost  $  I.T5  billion,  with?)')  per  cent  probability,  and  $7,5  i  till  ion,  with  only 
1  per  cent  probability,  then  our  enthusiasm  for  carrying  both  of  these  into 
development  would  be  considerably  reduced,  h  would  he  reduced  because 
now  •■the  probability  of  an  incorrect  choice  appears  small,  and  the  chances  ot 
improving  our  batting  average  appear  negligible. 

In  the  abstract,  what  we  would  like  to  have  arc  /complete  probability 
distributions  attached  to  particular  estimates.  II  we  are  talking  about  cost 
estimates  for  example,  i!  is  iutpot lautv.  to  know  whethci  the  probability 
dish ihutions  wc  attach  look  like  lies: 
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because  our  attitude  about  buying  more  information  Would  be  considerably 
dillercnt  in  the'  first  ease  from  what  it  would  be  in  trie  second.-  Hut  such 
lyecise  formulations  of  our  uncertainty  are  not  generally1  practical. 

liven  though  these  uncertainties  arc  subjective,  ami  cannot  be  formulated 
precisely,  the  analyst  eaii  get  some  feeling  lor  this  kind  of  thing,  particularly 
if  he  has  had  occasion  to  see  how  such  estimates  have  worked  out  in  tho, 
past.  He  or  his  technical  associates  can  scrutinize  the  proposed  systems  to 
determine  what,  kinds  ot  technical  advances  they  contain,  and  where  the  , 
major  uncertainties1  lie.  it  there  is  disagreement  among  technical  experts  as 
to  feasibility,  this  a  pi  loir  implies  :■  good  de-il  of  uncertainty.  He  can  also 
gel  some  feeling  for  uncertainty  by  conducting  sensitivity  studies  to  determine 
how  sensitive  his  estimates  ate  to  variations  in  key  parameters.  What  happens 
In  cost  If  the  reliable  life  of  solid  propellants  is  reduced  by  50  per  cent,"  for 
example?  Or,  what  happens  to  cost  if  the  on-site  maintenance  required  is 
four  or  live  times  greater  than  expected?-  1 

Obviously,  ‘ill is  kind  of  anaiysisyix  not  a  matter  oh  tallowing  a  prescribed 
recipe.  It  relies  heavily  on  the  indgment  ami  inUiition'iof  the  analyst,  but  that 
fact  by  no  means  completely  destiny  s  the  usefulness  of  the  analysis. 

.1 

12.2  Wiia. r  sii  i’s  can  ui:  taki  n  io  rj-ouci;  unitk tain i y 

Oncejilif-  analyst  has  ,m  idea  of  the  extent  ami  source  of  iiis  uiieertaiiiiy, 

his  next  lask  ir.  ,v,  Investigate  what  development  steps  might  be  undertaken 

to  resolve  tliesi  .  In  our  example  w-c  used  the  extreme  case  where  all  iineer  -' 

taints  was  eliminated,  but  in  the  real  vvoild  there  are  a  whole  series  of 

intermediate  levels  of  reduced  uncertainly  we  might  try  to  achieve.  I  licse 

normally  would  correspond  to  stages  of  development  lor  various  components 

or  subsystems  contained  in  the  system,  but  they  might  also  involve  especially 

designed  tests  ol  prototypes, i filets,  materials, .etc.  If  he  is  to  be  most  useful, 

the  analyst  must  identify  the  stages  .at  ..which  additional  information  will 

become  available  and  suggest  special  tests  where  these  appear  appropriate. 

To  illustrate,  suppose  the  cost  of  one  oi  mir  missiles  depended  critically  on 

the  leliahility  obtainable  in  its  guidance  system.  Having  pointed  this  out.  the 

.  analyst  should  j  1  icn  indicate  how-  much  mine  will  be  known  about  this  at 

various  si;t"es  ol  development:  emphasi'/e  the  need  lor  finding  out  .about 

reliability  s fry  early:  hr,  perhaps  suggest  what  •  opportunities  exist,  such  as 

co'UstrUciiou  ,il  test  piololypes.  lor  determining  with  iiioi'e  confidence  how 

serious  the-  relnthilitv  problem  will  he. 

»  . 

17.3.  HlIU  Nil  (  II  II  Will  ill  Kl-'l’.ll  I-  CNCi.K  I  AIN  1  Y 

Whether  it.  will  pay  to  try  to  reduce  uneeitainlv  helore  making  a  final 
decision  .depends  on  the  cost  of  buying  information.  In  oui  example,  it  clearly 
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would  not  pay  to  make  certain  about  the  cost  of  our  two  missiles-  if  in  order 
to  make  certain  we  had  to  spend  in  excess  of  $  750  million.  On  the  other 
hand,  as  pointed  out  earlier,  there  are  many  intermediate  ieveia  of  uncertainly 
it  might  pay  to  attain'.  For  example,  we  could  have  asked  what  it  would  he 
worth  to  change  the  probabilities  from  O.^'and  0.5  on  each  of  the  respective 
!costs  to,  say.  0.75  and  0.25.  (As  a  mattei  of  fact,  it  turns  out  to  he  worth 
$  125- million  to  obtain  that  particular  reduction  in  uncertainly.) 

The  important  point  here  is  that  the  decisionmaker  must  be  advised  ol  the 
costs  of  carrying  development  to  various  stages  at  which  additional  information 
becomes  available  if  he  is  to  make  the  Ubrrect  decision.  Fstimales  of  total 
system  cost  alone  arc  not  enough.  Unfortunately,  there  will  also  be  uncertainty 
|  about  these  development  costs,  but  once  again  the  fact  that  we  lack  complete 
knowledge  does  noL  relieve  'us  from  the  responsibility  of  using  whatever 
knowledge  we  do  have. 

;!  ''  1  ' 

12,1,  ihnv  MllCil  UNCl.K  I  AIN  IY  Wild  m  UM)U(UI)  AS  Pl-Vlil  OI-MIN  r 
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l  iie  analyst  should  provide  the  decisionmaker  as  best  he  can  with  some 
notion  of  how  much  cap  he  learned  by  tarrying  development  fo  various 
stages,  for  it  is  the  value  of  this  knowledge  which  must  he  weighed  against 
the  Ovists  fo  determine  whether  a  choice  should  be  made  now.  Admittedly, 
this  is  a  vciv  diOicull  thing  to  do.  Nice,  neat  statements,  such  as  'uncertainly 
is  icdueed  by  a  per  cent  after  lirst  flight",  are  not  possible.  Hid  iiedhei  are 
we  completely  ignonml.  We  know  from  experience  that  cost  estimates  improve 
as  development  gels  closer  and  closer  In  li  e  linal  article.  We  know  lairly  well 
what  can  be  learned  about  the  flight  eharacterislies  ol  an  tiircralt  from  early 
llight  tests,  and  similarly  for  tests  ol  other  types  of  equipment.  Moreover, 
development  programs,  and  testing  can  be  specifically  designed  to  provide 
critical  data  if  it  is  recognized  Timm  the  outset',  that  this  is  what  is  wanted. 

lit  requiring  that  the  systems  analyst  provide  answers  in  lus.  analysis  to 
these  four  factors,  wc  have  already  assigned  him  enough  duties  to  discourage 
even  the  most  ambitious  practitioner.  Yet,  in  many  ways.  the.  pioblcnis  ate 
even  more  difficult  than  we  -have  indicated,  bor  one  thing,  systems  dcvel 
opment  is  a  sequential  process  which  requires  decisions  at  each  step  along  the 
way.  It  is  not  ■!*  matter  of  deciding  at  the  beginning  exactly  what  will  he 
done  up  to  the  dale  of  operation,  anil  then  carrying  out  I  he  plan.  Wluif  is 
done  in  the  second  stage  ul  uvvclo|>mcnl  depends  in  part  on. whirl  ts  Uinined 
in  the  first  stage,  etc.  The  analyst,  llicrtlnre.  must  closely  loilmv  the  program 
once  it  is  under  way,  and  follow  up.,  his  initial  analysis  with  a  seiies  of  sub¬ 
sequent  analyses. 


l  he  life  o!  the  analyst  is  I 
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elements  vvhich  go  to  make  up  a  modern  weapon  system.  The  level  ol'  uncer¬ 
tainty  vaiies  frOJin  one  subsystem  to  another,  and  the  various  elements  require 
uifi'eieiii  iicutnieni  ai  different  stages  of  development.  -i 

Fven  more  important,  in  actual  development  decisions,  operational  dates 
and  performance  are  never  fixed  as  we  have  assumed  them  to  he  in  our 
example.  In  fact,  trade-oil's  always  exist  among  the  three  important  parameters 
of  our  problem-  performance,  operational  dates,  and  costs — and,  generally, 
earlier  operational  dates  can  only  he  achieved  at  the  expense  of  lower 
performance  or  greater  costs,  or  both  Deciding  what  is  the  best  combination 
of  these  three  is  an  important  part  of  the  whole  problem.  , 

Finally,  the  analyst  is  also  plagued  with  uncertainties  about1  strategic  and 
political  factors'*.  VVliat  will  be -the  military  posture  of  the  enemy  live  or  ten 
years  hence?  What  will  be  the  attitude  of  the  public  with  respect  to  defense 
expenditures'' in  the  future'?  Wjjiat  form  will  future ’political  alignments  and 
commitments  take? 

In  summary,  the  problem  confronted  at  the  initiation  of.  modern  weapon 
system  developments  is  more  nearly  one  of  .selecting  an  appropriate  devel¬ 
opment  strategy  than  of  'choosing,  the  particular  end-products,  t  he  purpose 
of  development  is  to  increase  our  knowledge  about  costs,  about  how  various 
configurations  will  perform,  and  when  they  are  likely  to  he  available.  Proper 
analysis  requires  that  the  analyst  recognize  this  tael  in  his  work.  He  should 
apprise  (he  decisionmaker  of  the  opportunities  that  exist  for  getting  and  using 
this  knowledge.  This  is  not  a  simple  job,  nor  one  in  which  main  reliance  can 
be  placed  on  analytical  techniques  as  opposed  to  intuition,  good  judgment,- 
and  experience.  Not  is  there  a  detailed  set  ol  rules  that  will  automatically 
ensure  a  proper  development  strategy.  Nevertheless,  there  are  more  or  less 
intelligent  ways'  of  going  about  the  task,  and  the  .systems  .analyst  can  make 
an  iihportant  contribution  if  lie  recognizes  the  uatme  ol  the  problem  and  acts 
accordingly. 

It  is  wuitli  noting  dun  tmcei  lainly  about  inline  initially'  and  political  factors 
very  much'  strengthens  the  Argument  In,  undertaking  dcvclnpiui'ni  hi  a  menu  of 
alternatives.  The  broader  the  menu  of  alternatives  from  which  procurement  choices 
can  he  made,  the  mine  flexible  vve  can  be  m  meeting  unexpected  military  and 
political  situations. 
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To  the  uninitiated,  mathematics  may  appear  -to  oiler  the  real  hope  lor  the 
solution  of  problems  of  systems  analysis-  Mathematical  methods  have  been, 
reasonably  successful  in  dealing  with  many  complex  problems  in  the  physical 
world  and,  hence,  it  is  quite  natural  to  hope  that,  by  extension,  they  might 
perform  equally  well  in  dealing  with  the  broader  and  even  more  .complex 
question's  which  systems  analysis  l flies  to  answer.  It  is  not  only  by  mere 
analogy  that  mathematics  might  he  expected  to  he  pertinent.  It  is  obvious 
front  the  outset,  and  certainly  from  examples  such  as  "that  presented  in 
Chapter  3,  that  systems  analysis  is  ronre.rno.d  with  the  relationships  between 
■a  large  number  of  quantities,  so  that  more  or  less  mathematics  is  hound  to 
be  employed. 

If  one  were  to  make  even  a  casual  survey  of  the  literature  of  operations, 
research— which  is  identical,  insofar  as  its  analytic  lools  are  conceriuiid,  with 
systems  analysis1--  one  could  easily  get  the  impression  that  success  in  Ibis 
held  depends  on  a  Ihoiougli  knowledge  ol  certain  lather  special  mathematical 
techniques.  |n  fact,  in  its  rather  short  life  as  a  named  discipline,  operations 
research  has  so  liiinly  adopted  certain  tools  -linear  programming,  Monte 
Carlo,  and  game  theory,  to  list  a  few  that  together  these  techniques  seem 
almost  to  slim  to  the  complete  activity. 

The  difficulties  in  problem  solving  range  from  the  philosophical  or  coucip- 
tnal  io  the  analytic  or  mathematical.  There  is  no  elear-dit  separation. .however. 
The  operations  research  .techniques  just  mentioned  are  designed  to  overcome 
the  diflieuliies  ,al  the  mathematical  oi  analytic  end  of  the  range.  And  "though 
they  arc  dwarietl  by  those  at  the-  other  end.  it  does  not  lolluw  that  they  are 
not  troublesome  dr  significant,  l  or  this  reason,  readers  of  this  book  may  find 
it  profitable  to  learn  something  ahoul  the  .mathematical  techniques  that  have 
proved  extremely  useful  in  dealing  with  a  large  and  impoilanl  class  of 
problems.  Moreover,  even  ihotigh  an  undetsiaiiding  ol  InndjimCntal  concepts 
may  he  more  important  than  analytic  techniques  in  pint  because  more 
elementary  methods  will  ordinarily  serve,  though  less  elliel’ently  new  tech¬ 
nique  frequently  leads  to  a  new  understanding. 

|  i  —  '  •/  1  ' 

j  And  also  systems  engineering  systems  design,  systems  teseareh.  and 
management  science. 
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The  analytic  aids  associated  with  operations  research  and  systems  analysis 
range  from  tools,  like  a  computer  of  table  of  .random  numbers,  to  broad 
techniques,  like  dynamic  programming,  Monte  C.Liin,  nr  queuing  theory.  Wc 
will  say  a  few  words  about  some  of  the  more  widely  used  of  these  techniques, 
point  out  their  limitations,  and  describe  the  part  they  can  reasonably  be 
expected  to  play  in  military  analysis  now  or  in  the  future. 

13.1.  I  .INI' AR  I'ROliKAMMINIi 

Historically,  a  "program''  is  a  schedule  of  the  quantity  and  tinting  of  the 
various  actions  in  a  plan.  It  now  often  refers  to  a  set  of  i  instructions  which 
can  he  given  to  a  man,  or  to  a  machine,  that  tells  wlial  Lo  do,  next  to  move 
toward  the  objective' when  a  certain  stage  is  reached.  If  the  activity  can  he 
represented  by  a  mathematical  model,  then  a  computational,  method  may  he 
evolved  lor  choosing  the  best  schedule  of  actions;  this  is  a  mathematical 
program. 

Many  economic,  industrial,  and  military  activities  can  he  expressed  (or  at 
least  approximated)  by  systems  of  linear  equations  and  inequahties.  When 
this  can  he  done  we  have  linear  programming,  the  best  known  and  most 
widely  used  technique  of  operations  research.  Its  essential  features  can  be 
illustrated  by  a  simple  numetical  example. 

Suppose  that  a  manufacturer  has  two  factories:  the  first,  A,  produces  three 
items  oi  a  certain  kind  in  a  given  period,  and  the  other,  H.  produces  lour 
Assume  that  there  are  three  uuslom'eis,  one  at  M  using  one  item  during  the 
period,  one  at  N  using  2  items,  and  one- at  l1  using  4  items.  Suppose  further 
that  it  costs  S3  per  item  to  ship  from  A  to  M;  $2  per  item  from  A  to  N; 
$  1  per  item  front  A  to  Ik  S  I  per  item  from.  It  to  M;  S  2  from  li  to  N:  and 
$  3  ffjom  H  to  I’.  (.These  conditions  are  illustrated  in  big.  13.1.)  What  shipping 
policy  should  the  manufacturer  use  to  migftmi/e  the.  cost  of  shipping? 

One  method  might  be  to  ship  one  ilcm/frotn  A  to  each  of  M,  N.  and  I’: 
one  more  item  from  N;  and  finally  3 /'items  I  mm  li  to  1’.  1  his  would  Cost 

(3  ,•'.!)  :  (2:1)  (i  ■'  I)  (2  'll  (3  3)  3  2  1,2!  9  ,S  17. 

Hut  a  better  scheme  would  he  to  ship  >  from  A  to  P  (pud  the  rest  IrOni  li, 
'l*his  would  cost 

t !  ,  3)  fl  •  I )  ;  (2.  2)  :  (3  y  1  i  :  3  I  '  4  3  s  I ! .] 

Is  this  best: 

Here  relatively  lew  eases  are  possible,  and  it  is  easy  to  determine  the 
minimum  by  enumeration.  But  if  there  were  several  bundled  stations  and 
items,  .discovering  the  best  alternative  might  take  air  unacceptably  long  time, 
i  Indeed,  in  some  situations  the  numher  of  eases  might  make  analysis  ot  all 
then  combinations  impossible.  Klcctrome  computers,  using  linear  programming. 
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Fig.  13.!  A  simple  problem  in  linear  programming 


have  sol vcl!  problems  of  1 1 1 i sort,  calleii  transportation  problems,  involving 
.^*100  equations  iind  (H)0  vunuil?!i*s.  Hul  linear  pro^r'iuiiiiiim  i*ives  u 
systematic  anil  ollieionl  way  ol’  finding  the  best  case,  or  one  of  the  heller 
cases,  without  the  ncci’l  lor  oxamininf',  -each  possibility  separately. 

1  he  term  "linear  '  in  lineal  programs  refers  n>  ihe  relalious  that  rnusl  hold 
among  the  various  activities  loi  1 ) n-  plan  to  be  eonsislcu:  with  available 
resources.  Thus,  in  our  example,  the  amounls  shipped  out  ol  A  must  he 
greater  than  or  espial  to  /eio  ami  less  than  or  ei|ii,il  to  L 1  ■  i  ■  .  S'.  mil,-.;  retauous 
hold  at  Ii.  Mathemai ically,  these  relations  arc  linear  inequalities.  Since 
the  cost  ol’  transporting  n  similar  items  is  n  times  the  cost  ol  transporting 
one,  the  equalities  as  weil  as.  the  inequalities  are  linear.  ;! 

The  essence  ol  the  leeiimque,  when  applied  to  Iran spoliation  problems, 
lies  in  instructing  the  computer,  human  or  machine,  that  il  substituting  one 
route  loi  another  lowers  the  over  all  cost,  this  same  substitution  should  be 
repeated  as  often  as  is  consistent  with  the  ;  'Me -.(mints  as  to  the  number  of 
items  which  can  use  that  route.  I  lie  explicit  cost  calculation  uf  nmsi  oi  tin- 
possible  routings  is  avoided,  and  just  enough  cases  me  examined  Lo  ero.uie  that 
no,  pi olitahle  alternative  has  been  overlooked. 

linear  programming  is  also  useful  in  nclwoik  problems,  l-oi  example, 
suppose  i hat  a  tclrcommuiueulinu  network  consists  of  n  stations,,  each  ol 
which  may  send,  icceive,  and  u  lay  messages.  Suppose  Itu  thci  that  rue  stations 
arc  )(,) tried  by  communication  eliamiels,  each  with  a  fixed  capacity  in  messages 
per  unit  time.  Given  these  conditions,  linear  programming  can  find  a  routing 
doctfine  that  maximizes  the  number  of  messages  delivered  per  unit  of  time 
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I  .incur  programming,  because  of  the  simple  form  of  its  associated  mathe- 
mutical  model,  appears  to  he  more  restricted  as  to  the  generality  of  the 
problems  it  can  solve  than  is  actually  the  case.  Although  the  method  requires 
that  the  problem  be  formulated  to  lit  the  linear  programming  format,  systems 
of  linear  inequalities  can  approximate  a  wide  variety  of  eases.  And  while 
litis  formulation  is  frequently  difficult  if  ;the  model  is  to  remain  an  adequate 
representation  ol  reality,  adequate  approximations  have  usually  been  found. 
A  great  deal  of  ellort  by  mathematicians  is  directed  toward  extending  linear 
programming  into  such  areas  as  non! ioeai  programming,  integer  programming, 
and  programming  under  uncertainty.  The  pressure  to  use  die  method  is  great, 
however,  because  ihe  computational .  algoi  itlnli  is  "so  powerful  that  systems 
containing  hundreds  of  equations  can  he  solved.  1 

The  method  has  been  applied  to  determine  the  blend  of  petroleum  products 
licit  would  yield  maximum  protits,  to  deleimine  the  minimal-cost  diet  that 
will  satisfy  fixed  nutritional  requirements,  to  assign  employees  to  jobs  in 
let  ms  ol  their  aptitudes,  and  to  determine  the  optimal  routing  of  messages 
in  a 'communications  network. 


13.2.  Mom  i  t:  (aki.o 


Monte  t  arlo,  a  second  technique  used  in  systems  analysis,  may  he  described, 
roughly,  as  n  method  for  estimating,  the  answer  to  a  problem  by  means  of  an 
experiment  with  random  number,,  fis  example,  suppose  one  wishes  to  deter¬ 
mine.  the  probability  of  winning  a  game  of  solitaire  say  Canfield.  One,  might 
attempt  to  calculate  this  directly,  hut  would  quickly  discover" that  the  amount 
of  computation  requited  is  staggering.  Another  approach  would  he  simply 
to  play  the  game  a  large  number  of  times,  /V,  count  the  number  of  successes, 
n,  anti  then  estimate  the  probability  of  winning  as  the  quotient  n/N.  This 
estimate  would  he  ill  error,  but  the  error  could  he  deci  eased  by  increasing  the 
number  ot  trials.  In  speed  up  this  process,  the  game  could  he  programmed 
lor  a  high-speed  digital  computing  machine  and  the  trials  performed  by 
machine  rather  than  by  humans,  Bu(  even  with  a  iasi  computer  the  number 
td  trials  required  to  get  :s  good  answer  might  still  he  overwhelming  since  (lie 
error  mav  decrease  verv  slowly.  In  any  event,  however,  a  judiciou;!  mixture 
of  analysis  with  random  trying  is  likely  to  he  mine  elleclive.  And  this  is 
piccixely  what  Monte  f  arlo  comes  down  to. 

The  origins  of  Monte  C'ailo  lie  in  the  random  sampling  investigations  ot 
statisticians.  The  distinction  between  the  two 'is  that  the  Monte  Carlo  approach 
seeks  answers  to  mathematical  |‘i.rohlems  and  is  dealing  with  an  abstract,  rather 
than  with  a  real,  population.  This  circumstance,  because  it  allows  the  popula¬ 
tion  to  he  altered,  makes  many  refinements  in  technique  possible.. 

During  World  War  II,  problems  connected  with  the  design  ol  atomic 
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weapons  were  treated  at  l.os  Alamos  by  the  Monte  Carlo  method.  typical 
problem  was  that  of  Ucici mining  ilie  number  of  neutrons  escaping  through  a 
shield  of  specified  design  in  which  the  particles  were  subjected  Lu  UU|UUtll 
as  well  as  to  deterministic,  influences.  To  use.  Monte  Carlo,  a  mathematical 
analogue  of  the  physical  situation  was  simulated  on  a  computing  machine  and 
the  path  of  a  particle  traced  out  by  using  random  numbers.  In  attacking 
problems  of  particle  diffusion,  shielding,  and  nuclear  reactors,  the  physicists 
necessarily  bused  their  models  on  the  physical  process.  They  were  not  at  all 
.interested  in  the  model  as  a  simulation  per  sc  and  hence  took  full  advantage 
of  the  fact  that  they  were  not  dealing  with  a  real  population.  Distortions  of 
the  model  or  its  parameters,  introduced  to  cut  computation  cost  by  reducing 
ample  si/e,  were  regarded  as  the  "essence  of  the  method.  These  mathematical 
manipulations  01  "tricks"  to  reduce  the  dispersion  or  variance  of  the  sample 
ere  trailed  variance  reducing  techniques.  Thus  today  we  frequently  see  state¬ 
ments  that,  a  sampling  computation  is  not  Monte  Carlo  unless  variance 
reducing  techniques  are  employed. 

I  ho  use  of  Monte  Cailo  is  now  widespread  in  operations  research,  basically 
because  it  is  the  easiest  computational  method  to  apply  to  the  large  and 
complicated  problems  typical  of  such  investigations.  These  problems  often 
have  prominent.  random  elements.  They  arc  .  frequently  new  and  dillicult  to 
formulate  mathematically.  Even  if  they  can  be  formulated,  they  almost  never 
have  known  analytic  solutions  and  the  application  of  the  traditional  methods 
of  numetical  analysis  is  dillicult,  it  not  impossible.  In  order  in  apply  Monte 
Cailo  methods  d  is  only  necessary  to  he  able  to  model  ihc  physical  process. 
Since  high,  speed  marhines  ■•an  take  over  the  laborious  part  of  the  calculations. 
Monte  Carlo, tlrequenlly  allows  one  to  substitute  brute  force  for  mathematical 
ingenuity  and  thought.  Furthermore,  fot  q  good  many  problems-  studied  by 
operations  researchers  and  systems  analysis  (here  is  no  feasible  alternative  to. 
Monte  Carlo  especially  it  information  on  the  probability  distributions  of  the 
outcomes  is  required  as  well  as  information  about  the  expected  values. 
Traditional  methods  of  analysis  are  ordinal  iiy  useless  in  such  cases  if  liter 
problem  is  at  all  complicated. 


When  Monte  Carlo  is  used  in  operations  research,  howevet,  it  oiten  dillers 
significantly  lumi  its  tsse  in  physics.  Here,  more  frequently  than  not,  the 
interest  lies  in  preserving  the  simulation  as  faithfully  as  possible,  and  tech¬ 
niques -Which  reduce  sample  size  are  not  much  used.  Aside  I  rum  the  possibility 
that-  we  don’t  know  how  to  apply  them,  there  aic  two  reasons  why  such 
techniques  are  generally  avoided.  First,  iti  most  operations  research  problems, 
in  contrast  to  those  of  physics,  extremely  accurate  answers  are.  not  i'|ajuired. 
Lower'.. accuracy  is  probably  inevitable  anyway,  since  the  basic,  parameters  in 
the  problem  are  often  only  very  uncertainly  known  and  the  models,  no  matter 


how ".complicated,  may  he  very 


inadequate.  In  -addition,  the  analyst  is  frequently 
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a  cur  rant  scheme  foi  operation  and  a  proposed  new  one  Comer  pienily,  sample 
si/cs  dped  not  be  very  large,  even  \vlien  purely  random  sampling  is 'used. 
Second,  there  .is  usually  a  great  deal  of  interest  in  the  realistic  simulation 
provided  by  the  model.  Variance  reducing  techniques  seriously  distort  the 
simulation  aspects  ol  the  calculations,  turning  typical  observations  into  rare 
events  and  vice  versa. 

I 

To  illustrate  the  Monte  Carlo  approach,  consider  the  following  drastically 

.KHu.1  .«»r 
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items  aie  assumed  to  anive  randomly  at  a  .servicing:  facility  where  they 
are  handled  one  at  a  time.  Suppose  the  intervals:  between  arrivals,  while 
random,  arc- such  that  40  per  cent  are  10  minutes  long  and  60  per  cent  20 
minutes.  Suppose  servicing  is  also  random,  with  10  minutes  required  to 
•service  SO  per  cent  of  the  items  and  .10  minutes  required  to1' handle  the 
other  20  per  cent. 

It  then  follows  that,  per  item; 


Mean'  arrival  interval; 
Me  an  servicing,  time: 
Mean  idle  time: 


0.4  10  j  0.6  >..  20 

OK  v  |o  o,2  3() 


16 


-  14 


16  minutes 
14  minutes 
2  minutes 


Our  question  is;  What  is.  the  mean  Hailing  time  pci  item'.1 
To  Oii  s'ii-  tin.-  jMohlem,  wt  can  use  a  smuthilintj  in  which  a  sequence  o! 
random  mimhers  lcplcsciits  the  inleivals  between  arrivals  and  Ihe  servicing, 
times,  t'ii st,  the  intciyal  between  arrivals  is  determined  by  the  selection  of  a 
random  digit.  II  it  is  a  0,  I,  2,  or  3,  we  assign  an  arrival  interval  ol  10 

minutes,  if  it-  is  a  4,  *>,  6,  7,  K,  or  V,  wo  assign  20  minutes,  similarly,  to 

Specify  the  service  time  .associated  with  the  item  that  arrives  after  the  interval, 
we  select  a  sceopd  random  digit.  Jf  it  is  0,  1,  2,  3,  4,  5,  6,  hr  7,  we  assign 
a  servicing  time  of  it)  minutes;  .jf  rim  K  or  0,  we  assign  0)  minutes. 

We  can  then  fill  o,iit  l  able  13.1.  "We  assume  the  first  arrival  takes  place 
at  time  zero.  Ilcie  l\  anil  W  represent  random  digits. 

i  ntis  foi  the  ten  samples  listed  in  the  table  we  have  a  total  ol  00  minutes 

AVaiting  time  or  an  average  of  6  minutes  per  item.  This  c.sampic  leaves  un¬ 

answered  a  great  many  questions,  such  as  'how  many  samples  ate  needed  In 
give  a  good  estimate  of  this  waiting  time.  But  it  does  highlight  the  main 
icaUues  ol  the  Monte  Carlo  method  as  it  is  used  in  operations  icscan-h. 

There  has  been  an  increasing  use  of  Monte  Carlo  methods  as  the 'problem.-, 
tackled  in  systems  analysis  and  operations  research  have  become  more  eom- 
P'Jiealed,  and  thus  sometimes  become  too  dillieitli  .for '.classical  analytic  and 
numerical  methods.  Moreover,  (ho  Monte  Carlo  riu^lmd  !  *  *  i  s  cerium  virtues 
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Tam  i  1'3. 1 
A,  simple  servicing  problem 


Number  of 

lime  Minutes  lime  Number. of  minutes 

Time  of  service  required  service  minutes  ■  facility 


/V 

R 

arrival 

.  starts 

R' 

to  service 

ends 

item  waits  « 

is  idle 

1 

_ 

it 

0 

10 

10 

. .  ;V. 

0 

0 

■> 

1 

10 

10 

K 

30 

40 

o 

0 

.1 

\> 

30 

10 

/. 

to 

sli 

U) 

0 

4 

S 

50 

50 

It) 

00 

0 

0 

5 

s 

70 

70 

') 

30 

Kin 

0 

10 

(i 

s 

SO 

too 

4 

10 

1  10 

:.o  “ 

0 

7 

5  1 

90 

1  10 

1 

10 

1  2(1 

:n 

0 

8  ; 

:1  = 

!  1  10 

120 

4 

10 

1  50 

10 

0 

9 

4 

1  130  \ 

130 

4 

10 

.140 

0 

0 

10 

9 

150 

IM) 

9 

30 

1 70 

D 

10 

beyond 

being 

tthle  to  beat  problems 

which  are  i 

lillieull 

to  handle  otherwise. 

I'oi  e'V; 

imple. 

ii  5iKv;iN  *> 

gives  good  an- 

•wets  it  the 

sample 

st/e  is  large  enough. 

and  in  many  cases  of  interest  to  operations  lesearehers  ;il  1 1  uni  jth  laielvj.lo 
physicists  -tile  sample  sizes  leqinred  do  not  loice  the  employment  o|  tech¬ 
niques  that  distort  the  disirihuiinn.  As  a  result,  ii  dives  supplemental  v  mtorma- 
tion  about  sin  h  IV; limes  of  the  :  1  ist r  ihitt ion  as  the  ranee  ait. 1  the  variance. 
4.5  \ve}i  -.vital  happens  or,  the  .iveiai’e  I  hits  in  the  solitude  [irohleitt 

ntenf ioneil  earlier,  a  Monte  (  arlo  treatment  can  tell  us  not  only  what  ihe 
pmhttliilil v  ol  winning  is,  hut  also  about  such  tilings  as  the  expected  uiiinher 
of  etirds  piaved  or  the  probability  ol  playing  :>l  least  a  specific  iminhcr. 

While,  the  method  is  mainly  a  too:  id  nttme '•'<•••.!  analysis  iis  users  ImOo 
diseovered  lh;d  the  insight  into  the  physical  pioeess  simulated  in  the  Mottle 
('arlo  si i id v  often  lends  to  the  construction  of  a  workable  analytic  model. 
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" f  “While  linear  piogrnmimng  and  Monte  (  ai  !o  aie  eleaiiy  operations  tesenrch 
techniques,  it  is  doubtful  that  the  same  status  should  lie  accorded  to  the 
theory  ol  games,  espeeialh  as  a  measure  ol  its  direct  contributions  to  -the 
solulioil  of  specific  problems".  Nevertheless,  in  a  blunder  sense,  it  may  have 
contributed  mure  than  anv  ollics  technique  through  the  changes  it  has  made 
it;  the  wav  we  now  leioL  at  problems  ol  eonllict. 

1  he  l.heory  of  games  i'-  a  mathematical  trealnlenl  ol  planning,  lindci  cotidi- 
lious  of  rnolbel.  Ihe  types  of  heiiavior  lhai  appear  tn  such  situations.  of 
Course,  have  long  been  observed  and  teedrded.  flovvevet.  aside  irotu  some 
attempts  to  set  up  models  in  which  optima!  courses  ol  .action  can  he  dealt 
will)  1-p  the  calculus,  or.  in  more  sophisticated  form,  by  tin;  calculus  ol'Varia 


tions,  the  only  mathematical  theory  so  far  put  forth  and  that  only  relatively 
ieeenily  is  the  theory  ol  panics.  This  theory  is  eoneertied  with  the  selection 

of  an  optimal  course'  of  action  taking  into  account  not  only  the  possible 
actions  of  the  planner  himself'  but  those  of  his  adversaries  as  well.  The. 
principal  modes  of  resolution  are  collusion  and  conciliation. 

The  name  “gamp  iheory”  may  be  unfortunate  insofar  as  it  suggests  that 
the  iheory  deals  only  with  the  conflicts  of  interest  found  in  parlor  games 
such  as  poker  or  blackjack.  In  fact,  it  is  far  more  general.  Indeed,  many  of 
(lie  decision  problems  which  occur  in  military  and  economic  conflict  are 
similar  to  those  found  in  such  games,  because  of  this  similarity,  parlor  games 
form  a  useful  starting  point  for  the  study  of  strategy,  particularly  as  they 
have  rules  and  moves  which  arc  clearly  defined. 

The  theory  of  games  considers  the  problem  of  how  a  participant  in  a 
conflict  situation  can  obtain  the  largest  ’’payoff"  under  conditions  such  as  the 
following: 


1.  The  opponents  will  attempt  to  discover  each Other's  strategy  and  at  the 
same  lime  conceal  their  own. 

2.  bach  participant  has  only  partial  control  <>f  the  outcome. 

3.  Each  opponent  may  bluff  or  feint.  ’ 

4.  The  opponents  mav  have  different  amounts  of  information  or  intelligence 
about  each  oilier. 

5.  The  participants  may  be  constrained  by  the  elements  ot  chance  -th.it  is, 
by  variables  not  controlled  hv  any  ol  the  participants  and  showing,  no 
preferences  among  the  possible  outcomes. 


All  these  actions  must  he  taken  yvtliiin  the  stated  rules  of  the  game.  Thus, 
a  player  may  not  use  espionage  or  wiretapping  to  discover  an  opponent’s 
strategy  unless  such  aelions  are  allowed  bv  the  rules  ol  the  game. 

(lame'  theory  lines  not  cover  all  the  diverse  factors  which  enlei  into 
behavior  in  the  face  of  a  conflict  of  'interest.  I  here  are  certain  important 
limitations,  hirst,  the  theory  assumes  that  all  the  possible  outcomes  can  he 
specified  and  lluiL  each  participant  is.  able  to  assign  to  each  a  measure  of 
preference,  or  utility,  so  that  the  one  with  a  larger  numerical  utility  is  preferred 
to  one  with  a  smaller  utility .  Second,  all  the  variables  which  determine  the 


payoff  and  the  values  of  the  pay  oil  can  he  specified;  that  is,  a  detailed  descrip¬ 
tion  of  all  possible'  actions  is  required. 

In  the  general  ease,  thine  are  conceptual  and  technical  difficulties  which 
make  it  impossible  to  determine  the  optima!  course  of  action.  In  addition, 
most  military  and  economic' competition  exhibits  ;tn  imperfect  ’conflict  of 


interest,  that  is,  some  qieasuic  of  cooperation  by  the  opponents.  On  the  other 
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hand,  the  theory  is  conceptually  complete  lor  the  special  ease  of  two  opponents 
having  opposing  interests.  Bur  even  lor  this  case,  most  actual  eontlicl  situations 
elude  full  analysis  because  of  the  amount  oi  intricate  cataloguing  and  com¬ 
puting  they  would  require. 

Only  an  occasional  problem  associated  with  systems  analysis  has  been 
simple  enough  it o  solve  by  actually  computing  the  game  theory  solution-  and 
sonic  of  these  Were  pnly  marginally  related  to  the  real  world.  'Recently,  how- 
ever,  aiivancOs  sn-jQiir  thcorctictu  ‘kiiowicagt:  have  given  promise  inat  the 
situation  may  he  changing.  Game  theory  is  now  being  successfully  applied 


to  Various  tactical  problems 


such 


eh 


and  prediction,  the 


allocation  of  defense  to  targets  of  unequal  value,  the  study  of  ;<>issi|,e  penetra¬ 
tion  aids,  the  scheduling  of  missile  fire  •  under  enemy  pindowu.  and  other 
problems  as  diverse  as  antisubmarine  warfare,  and  inspection  for  arms  control. 


In  contrast  *o  linear  programming,  which  contributes  mainly  as  a  tool  iui 
solving  specific  problems,  direct  uses  of  game- theory  are  relatively  ry.ro.  Hut. 
..as  wc  have  said,  its  attribution's  to  policy  analysis  are  possibly  far  greater 
'for  it  tells  us  how  to  think  about  situations  df  conflict  with  an  intelligent  and 
reacting  opponent  ,who  may  have  common  as  well  as  opposing  interests.  As:! 
J.  D.  Williams  pul  the  matter  in  his  hook;  The  Com  pleat  Strate.uyst-, 

While  there  arc  specific- applications  today,  despite  the  eiinent  limitations  of 
the  theory,  perhaps  its  greatest  contribution  so  far  has  been  an  intangible  one: 
the  general  oriental  ion  given  to  people  who  are  faced  with  overcomplex 
problems,  liven  ihough  ihese  problems  are  probably  for  the.  indefinite  future 
it  helps  to  havif  a  framework  in  which  to  work  oil  them,  'the  concent  of  a 
strategy,  the  distinctions  among  players,  the  role  of  chance  events,  the  notion 
of  imitnx  repiescilWitions  of  the  pavotis.  the  concepts,  of  pun  and  mixed ' 
sliaiegies,  and  so  on  give  valuable  orientation  to  persons  who  must  lliink  about 
complicated  conflict  situations.  j 


13.4.  lur.  L'OMI’UILK 

The  high-speed  computer  i--  sometimes  equated  with  modern-  decisionmaking. 
Tiiei c  exists  a  belief  that  all  that  is  needed  to  solve  the  most  diilicull  pmblems 
is  a  bigger  computing  machine  which  is  sure  to  come  along  On  the  contrary, 
today  a  computer  alone  does  not  splve  the  problems  of  interest  to  military 
decisionmakers-  all  that  it  docs  is  e&cVutc  that  series  ol  insti notions,  laid  out 
bys  sonic  mathematieian.  that  may  lead  to  a  solution.  It  is  jusl  a  tool, 

it  cannot  do  anything  with  problems  it  is  not  iol-.l  in  do.  Solutions  lw  corn- 

•  A  .. 

puleis  are  only  ;ii;  .  and  .as  sensible*  as  ih e  people  who  define  the 

problem,  stale  me  objective,  and  choyse  tbt  criterion  can'  make  them. 

2  McGraw-Hill  Hook  ( Ompany,  !nc.t  New  York,  1954. 
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The-  next  chapter  is  devoted  to  a  discussion  of  computers,  anil:,  'points  out 
their  limitations  as  well  as  their  many  virtues.  1  hive  of  these  limitations  are 
particularly  significant  in  the  analysis  of  problems  of  national  security.  I  or 
one,  certain  intangibles  of  great  importance  in .  planning";!  nation's  security 
aip  extremely  diflieult  to  quantify—  -loyalty,  morale,  resistance  to  change,  the. 
stability  of  political  alliances,,  and  sir  on.  liven  the  most  elaborate  models 
adapted  for  high-speed  computers  are  i  not*  likely  to  i-akc  ‘these  factors  into 
consideration'  with  proper  emphasis  and  subtlety,  the  second  iiiuiiaiiuu  is 
that  practical  considerations  impose  many  simplifications  on  a  computer 
representation,  requiring  lint  use  ot  aggregate  vaiiablcs  and  the  omission 
of  many  details; *  It  frequenlly  lequiics  several  years  and  many  people  to 
formulate  and  program  an  clahnrate  model  Thus  the  niodel  is  likc.lv  to  Ire 
not  onlv  expensive.  Iriit,  more  importantly,  rigid,  f  lic  assumptions  on  which 
a  model';  is  based inevitably  call  for  successive  corrections  as  the.  learning 
process  that  parallels  the  application  oi  ,  the  model  suggest^  them,  or  as 
changes  in  the  factor:;  Which  ailed  national  security  occur.  The  learning 
process  is  thus  iicqU'Cutly  hindered  rather  than  enhanced  by  the  use  of  a 
computer  model.  That  is  the  third ’  limitation.  I  or,  it  is  in  the  nature  of  the 
process  tlrat  only  selected  stages  of  the  comp'utalion  ale  readily  visible  io 
fui  oi  '.sc  i  \  ci,  ,"'t  ore  ,vCp’.  ifiaaia  amoeo  m-  ■  h  ' 1 1 : 1 1 .  N 

box”  of  the  machine.  Hence  the  direct  influence  of  the  variables  upon  one 
another,  the  knowledge  of  which  is  crucial  in  any  intuitive  reappraisal  of  a 
given  theory,  must,  generally  he  inferred  indirectly. 

We  do  not  \v dnt  to  deny  the  importance  ol  computers  as  aids  to  analysis. 
They  make  feasible,  the  application  of  nnweriol  ideas  and  techniques  which 
could  not  even  he  considered  before  their  advent,  indeed,  the  new  techniques 
we  have  just  discussed  that  is,  linear  programming  and  Monte  Carlo  are 
powerful  mainly  because  good  computers  now  exist  to  pul.  them  into  operation. 

One  turns  to  the  mathematician  trot  only  .lor ..his  skill  in  organizing  mass 
compulation  hut  also  tor  his  ability  to  avoid  it.  With  ingenuity,  he  may  be 
able  to  substitute  simplified  for  intricate,  mathematical  manipulation  and  boil 
down  an  unwnrkaMy  large  number  of  cases  to  a  number  which,  while  it 
may  still  be  large,  is  manageable. 


I  1.5.  Till;  KOI  1;  oi-  MATHEMATICS 

hxeept  for  this-  brief  statement  we  say  ■•nothing-  about  the  significance  of 
techniques  which,  in  addition  to  those  already  dosciibcd.  go  under  such 
names  as  dynamic  programming,  queuing  theory,  and- information  ihcorv, 
to  mention  a  few.  This  is  a  reluctant  omission,  for  anyone  who  is  to -'evaluate 
analyses  properly  should  be  able  to  distinguish  between  the  use  ol  fancy 
mathematical  techniques  as  jvinuow  dressing  for  a  possibly  had  analysis.' 


and 
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their  use  us  critical  ingredients  of  a  first  -rate  .analysis.  The  omission  is  made 
not  because  the  mathematics  employed  is  difficult  and  can  he  understood  only 
alter  thorough  training,  for  to  understand  broadly  the  way  in  \vhich  difficult 
mathematics  is  used  requires  no  particular  mathematical  ability.  Rather.'1  it 
(recurs  because  \ye  have  chosen  to  stress  other  things  than  specific  techniques, 
which,  incidentally!  are  not  the  means  by  which  the  major  difficulties  in  systems 
analysis  itre  overcome.  ;■ 

Since  we  have  done  little  more  than  barely  mention  a1  lew  mathematical 
techniques,  one  may  wonder  jo  what  extent  they  are  really  used  in  systems 
analyses.  An  accurate  answer  is  that  they  are  used  'extensively  in  dealing  with 
related,  or  component,  qnrdion*  hut,  except  in  narrowly  defined  poblenis. 
not  verv  much  in  the  determination  of  she  over  all  solution. 

There  are  several  reasons  why  this  might  he  so.  As  explained  earlier,  net  ore 
any  mathematical  technique  enn  he  applied  to  a  real-world  problem,  we  must 
■have  a  quantitative  model  of  the  processes  involved.  In  complex  situations 
such  as  those  at  the  national  policy  level,  only  components  of  the  problem  qjtn 
he  put  in  a  form  in  which  they  can  he  handled  by  the  xt.mdaid  upei.uioiis 
research  techniques.  The  over-all  model  serves  mainly  to  guide  our  thinking 
and  not  lor  computation. 

Another  reason  why  these  tools  are  not  more  widely  used-may. he  merely  that 
they  are  new.  lo  quote  from  an  unpublished  papci  by  .1.  It.  VVilliaips,  a 
member  of  hand's  Re.s<.\u ch  Council,  on  this  subject. 


Now  the  adoption  and  use  of  new  tools  is  not  an  easy  process  in  anv 
profession,  f ’ veil  in  dial  wumg.  piogressive  organization  known  as  the 
IISAl-  ll-ieie  is  mine  ihan  a  liaee  of  inertia  in  these  matters.  I  participated 
tangentially  in  die  development  of  the  first  family  of  guided  missile*!;  an 
easy  task,  it  turned  out.  compared  to  that  of  convincing  a  commander 
that  these  rare  birds  should  flv-  in  his  theater.  The  same  difficulties  Jr, rise 
in  science  where  new  tools  are  capriciously  tempered  bv  indiscriminate 
use  of  hot  and  cold  waiter. 

I 

You  cun  sco  why  i!  Iinppons:  SonicotK'  advances  a  now  idea.  I!  il  leallv 

ij  , 

is  new  it  is.  by  definition,  unconventional;  there  is.  thvrclorc.  a  good 
chance  that  il  conflicts  with  sonic  of  your  knowledge  or  pre|iidices. 
There  is  also  a  good  chance  that  it  isn't  obvious,  vise  you  would  have 
thought  of  it  yourscll.  1  litac  is  ;i  Inst-iialu  cnancc  that-  it  isn  l  so,  icct 
you  know  the  adage;  .most  ideas  me  horn  in.  the  lat.u'ratorv,  flourish  in 
the  laboratory,  and  die  in  the  lahoraloiy.  all  within  71)  minutes.  Now 
as  a,  reasonable  man.  should  you  ignore  this  idea,  in'  should  you  [i\  In 
destroy  it,  or  should  you  go  through  the  agony  ol  making  it  your  own1 
Il  is"  a  sad  day  when  we  must  do  the  last,  incidentally,  1  insiein  s  first 
papers  were  rejected  by  Nature,  the  leading  scientific  journal  of  the  day. 


srrciu  .'.vi'R  is 
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An  interesting  caSe  study  of  ft  new  abstract  tool  could  be  b.isci!  on  tjic 
history  of  The  so-called  infinitesimal  calculus.-  With  this  technique  ^ in 
hand,  Newton  had  himself  a  ball  (as  my  children  would  phrase  it)  in  the 
held  of  mechanics.  He  "was  suddenly' in  a  position  tit  give  a  comprehen¬ 
sive  unified  account  of  practically  all  known  phenomena,  easily  deduced 
from  a  few  postulates.  But  there  was  a  little  difficulty:  the  natural  phil¬ 
osophers  of  the  day— the  astronomers,  physicists,  and  niathemaf.icians- 
were  not  fluent-  in  the  calculus,  did  not  wish  Ur  become  so.  and  mureov.ei 
were  .convinced,  that  it  was  based  on  nonsense;  as  a  matter  of  fuel,  to-' 
prove  that  it  is  not  nonsense  has  required  gem-rations  of  the  most  subtle 
analysis  and  to  this  day  one  or  two  sensitive  spots  exist.  Newton  met  the 
immediate  difficulty  by  deriving  his  results  anew  in  terms  of  the  then  lead¬ 
ing’  scientific  tool,  namely  geometry.  We  arc  no  longer  highly  practiced  in 
geometry  so  his  opus,  the  Principia,  is  almyjit  unintelligible  to  us.  On 
,  the  other  hand,  the  infinitesimal  calculus  has  run  the  whole  course.  There 
is  almost  certainly  no  physical  scientist  or  engineer  in  this  organization 
| rano |  who  does  not  know  it.  In  fact.  I  hazard  that  there  are  few  who 
know  the  formal  mles  ot  their  mother  tongues- as  well  as  they  know 
those  of  the  calculus.  1 

Another  interesting  case  nisioiy  t'v  ••nhie<-t  no..  t  now".  •>•• 

mathematical  statistics.  Ciaiixx  erected  a  magnificent  -structure  known  'as 
the  theory  of  errors.  This  lias  been  part  of  the  ABC's  of  physical  science, 
for  generations.  It  is  an  almost  perfect  loo!  for  analyzing  data  which  arc 
basically  simple  or  which  arc  so  lightly  contmlled  that  the  uncontrolled 
parts  arc  simple.  Physicists  and  astronomers  have  lived  in  ibis  Utopia 
for  a  hundred  years  and  t'neir  happiness  is  just  »v,.odci I ut.  In  the  mean 
time,  some  other  people  have  been  very  unhappy.  Among  this  unhappy 
multitude  we  find  the  experimentalists  in  the  field  of  agriculture,  who 
are  always  plagued  by  messy  data;  soil  and  wiathcr  variations  are  largely 
beyond  their  control  and  "the  number  of  combinations  of  seeds  and.  soil 
additives  (varying  in  kind  and  amount.)  is  huge,  in  the  hist  twenty-five 
years  methods  of  considerable  power  have  been  under  development,,  with 
the  result  that  the  experimenters  in  this  field  are  no  longer  the  uuiiuppicst 
people  on  cajlh. ' What  do  the  physicists  and  astrononuas  think  of  such 
'hew  topics  as  the  -Analysis  of  Variance  and  the  Design  of  I  x  peri  incuts'.’ 

Well,  they  are  pretty  busy  people  and  Gaussian  statistics  has  always 
served  them  well.  1  will  bet  that  if  help  is  needed  in.  the  design  and 
evaluation  of  a  bombing  experiment,  say,  most  of  you  would  he  more 
'  inclined  to  seek  it  trom  the  physics  department  ol  a  university  than  from 
the  agriculture  experiment  station;  u  quarter  of  a  century  ago  you  would 
have  been  right  hut  today  you  would  be  wrong. 
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Where  do  we  of  rand  stand  on  modern  abstract  techniques?  Well,  it 
varies.  We.  as  an  organization,  have  been  quite  active  in  developing 
techniques.  This  means  that  we  have  given  those  of  our  people  who  have 
a  henl  toward  the  abstract  carte  blanche  to  devote  their  energy  to  such 
tasks.  They  have  created  quite  a  lot  of  stulf,  some  of  which  will  surely 
stand  the  test  of  time,  and  more  which  will  provoke  something  better. 
Some  of  what  they  and  others  have  been  devising  has  found  its  way 
into  the  working  repertories  of  some  of  our  people,  hut.  while  1  believe 
our  progress  is.,  in  some  sense  reasonable,  wo  have  a  ipng  way  to  go. 

As.  a  unique  discipline,  systems  analysis  or  operations  research  is  ic.dly 
just  emerging.  To  quote  from  one  military  analyst: 

My  general  impression  is  that  the  art  ol  systems  analysis  is  in  about 
the  same  stage  now  as  medicine  during  the  latter  half  of  the  10th 
century;  that  is,  it  has  just  reached  the  point  at  which  it  can1'  do  more 
good  than  harm,  on  the  average.  Of  coiiise,  it  would  he  no  more  sensible 
to  conclude  from  this  that  we  should  not  develop  anil  use  systems 
analysis  now  than  it  would  have  been  to  conclude  that  we  should  not 
;  use  medicine  their. 

Tn.  a  field  such  as  operations  research,  people  who  have  been  spoiled  by 
the  success  of  earlier  mathematical  and  scientific  method.1,  nr  imysics  and  „ 
engineering  have  a  tendency  to  expect  the  same  level  ol  perfection  aqu  the 
same  startling  successes.  The  successes  Imre  been  startling.  Many  woithwhile 
results  have  been  obtained  and  a  great  many  more  are  to  be  expected.  Hut 
the  igquiied  perfection  is  still  lacking,  for  something  .more  than  mathematics  is 
needed  in  this  Held,  (eilain  aspects  of  roatheiratics  are  particularly  appropriate 
to  many  of  its  problems;  we  have  named  a  few.  But  a  great  deal  u!  Tame 
research  needs  iu  be  done;  for  example,  pinny  more  algorithms  lor  solving, 
specific  problems  need  to  be  worked  out  before  these  new.  high-powered 
techniques  have  any  chance  of  supplanting  the  simplest  forms  ol  'mathe¬ 
matics.  that  is,  a  little  probability  and  statistics,  some  calculus  and  geom¬ 
etry — -as  the  working  tools  of  operations  research  qnd;, 'systems  analysis. 

!i 

Alain  (  l-.nthovL'ii.  deputy  Assistant  Secretary  of  Defense  '.(Systems  Analysis), 
address  fts; fme  the  Nava!  War  (  olli-ge.  Newport.  Rhode  Island,' tone  («.  1%'t, 


Chapter  14 


THE.  USE  OF  COMPUTERS 

PAUL  ARMF.R 


My  purpose  is  lo  ilismss  computers  in  llie  context  of  systems  analysis  and 
not  lo  describe  the  inner  nice  nanisms  ol  computers.  Most  of  my  remarks 
will  concern  digital  computers,  not  analogue  computers,  a  distinction  I  shall 
explain.  An  analogue  computer  is  one  in  which  numbers  are  represented  by 
physical  quantities  which  aie  then  manipulated  in  the  computer.  The  simplest 
example  of  an  analogue  computer  is  a  slide  rule  on  which  numbers  are 
represented  by  distances.  Results  are  then  lead  by  measuring  a  distance  on 
the  rule.  Digital  computers,  on  the  other  hand,  represent  numbers  by  a 
discrete  setting  of  a  physical  quantity  like  a  loothcijj  wheel,  an  on  oil’  switch, 
a  relay,  etc.  Simple  examples  of  a  digital  computer  are  the  ancient  abacus 

an<! 1  [he  desk  irnlytor. 

I  think  the  best  way  to  set  the  stage  for  my  remarks  is  to  relate  a  story. 
A  numboi  ol  ;.e.ns  ago  Ihe  computing  Held  somewhat  divided  over  the 
merits  of  a  patlicular  numeiical  met  hud.  At  a  computer  society  meeting, 
discussion  ol  the  subject  erupted  into  a  livelv  debate  during  which  an  oppmteut 
of  the  scheme  said,  "You're  playing  with  lire  with  your  method"  to  which 
a  proponent  responded,  'Man  began  to  play  with  tire  hack  in  the  Stone  Age, 
and  we'd  undoubtedly  still  he  in  licit  age  if  lie  hadn't”. 

1  he  obvious  moral  is  that  man  should  use  lire  to  his  advantage;  hut  he 
must  he  continually  aware  that  lie  can  he  burned.  He  might  also:  do  well  to 
stock  up  on’ lire  extinguishers.  I  hitnrl unnlelv,  the  computer  can  he  insidious; 
its  burn  does  not  necessarily  give  rise  to  immediate  symptoms  of  damage., 

M.l.  Tut;  usLii  iNi.ss  or  computuks 

What  are  the  chid  attributes  of  computers'.’  I  hey  are  last,  they  aie  leliahle. 
rind  they  can  turn  out  results  cheaply,  once  the  problem  is  miming.  I  his, 
however,  is  meaningless  unless  used  in  eornpaiisou  wrl.ii  something  else,  ihe 
comparison  I  s\ 1 1 '  use  pits  ilv  computer  against  a  luinuin.  at  the  seme  task. 
lo  illustrate  the  throe  aUnfiiites,  let  us  take  a  task  at  which  the  computer 
shines:  Ihe  calculation  ol  a  missile  Irajectoiy, 

Hack  ui  IV- iv,  kind  received  a  new  electronic  calculator.  Quo  oil  the  first 
problems  pul  to  it  was  a  missile  trajectory  calculation.  Prior  to  getting  it  on 

.  .  250  ,, 

•  .  !i 
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the  machine,  the  aerodynamicisi  sponsoring  the  problem  had  three  cases 
done  by  hand,  hach  case  occupied  two  girk  working  at  desk  calculators  for  -: 
about  sik  months;  that  is,  each  case  involved  a  woman-year  of  elTort-r— about  j 
$5000,  including  overhead,  in  those  days.  On  the  calculator,  each  case  was 
run  in  about  three  hours  at  a  cost,-  including  machine  and  operator,  of  less 
than  $100.  Thus,  wc  picked  up  a  factor  of  over  600  in  time  and  about  50 
in  cost.  (Set-up  time  tor  the  hist  case  on  the  machine  was  approximately  two 
weeks"  at  a  eust  uf  about  $  500.)  More  impressive,  I  think,  is  the  fact  that 
when  wc  reran  the  three  cases  done  by  hand,  we  found  all  three  had  mis¬ 
takes  m  lliem,  despite  the  fact  that  each  had  supposedly  been  checked,  step 
by  step,  by  having  one  girl. go  over  the  work  of  another. 

That  was  fourteen  years  ago.  The  computing  machine  art  has  advanced 
coifjsiderahiy  since  then.  The  computer  which  rand  has  had  for  the  past' 
t Willi  years  would  do  this  same  problem  in  about  half  a  second  at  a  cost  of 
less] than  250'  per  case.  By,  today’s  standards  it  was  a  trivial,  problem. 

hi  will  not  dwell  on  the  advantages  of  computers  in  (He  areas  of  speed, 
reliability,  and  cost.  These  have,  in  general,  been  pushed  so  hard  that  com- 
puters  have  been  oversold.  The  fact  that  a  computer  can  add  up  a  column 
of  numbers'  as  high  as  rhe  Umpire  State  Building  in  tout  seconds  at  a  cost 
ot  20  0  may  he  of  academic  intcicst  to  the;  analyst  or  decisionmaker,  hut  what 
they  really  wan!  to  know  is  what  the  computer  can  do  for  them. 

Before  leaving  this  aspect  of  the  field,  which  has  been  so  glamorized  in 
the  popular  press,  let  me  summarize  what  !  have  said  about  speed,  cost,-  and 
reliability  by  means  of  Table  14.1. 


Tama-  14.1 

Speed,  cost,  and  reliability  comparisons 


i 

'  t 

■i 

Methods 

I:.  lapsed 

lime  " 

Cost " 

'  ($) 

lirror 

rate 

Set-up  time 
and  -  qosi" 

By  hand  ;-1949 

6  months 

5,000.00 

l/KP 

None 

,  Computer — 1949 

3  hours 

100.00 

I  /  1  ()■'- 

Two  weeks: 

:  $  500 

II  Computer — 1956 

1  minute 

5.00 

1/1 0» 

Two  days; 

i  300 

Computer — 1961 

1/2  second 

0.25 

1/10'- 

One  day; 

$  200 

Computer  -1965 

1  /  200  second 

0.01 

1  /  !  0 1  '■ 

One  day; 

$  t  oo 

a ,!  Per  case  of  ; 

I1 

our  trivial  missile 

i  trajectory 

calculation. 

.;i  _ 

Inc  196!)  figures 

shown  in  the  table  are,  of 

course. 

speculative. 

but,  based 

oh  writrk  going  on  today,  they  appear  to  he  quite  achievable.  All  the  ligures" 
in  the  last  two  columns  are  guesses,  and  hence  subject  to  considerable  erroi!. 
At  the  speeds  involved  for  these  machines,  the  number  of  operations  between 
errors  can  he  large,  but  flic-time  between  errors  need  not  be  particularly  large. 
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let  us  return  to  the  basic  question  of  what  the  computer  can  do  for  the 
analyst.  It  is  really  just  another  Ion]  in  the  analyst's  hag  of  tricks,  like  a 
pencil  and  the  back  of 'an  old  envelope  or  like  a  desk  calculator.  In  general, 
a  necessary  condition  lor  the  use  of  a  computer  is  that  the  analyst  he  able 
to  formulate  his  problem  (or  a  portion  of  it)  as  a  mathematical  model.  This  is 
not  a  sufficient  condition  from  an  economic  standpoint,  for,  as  -,  will  he 
discussed  later,  there  are  many  instances  when  it  will  not  pay  to  mechanise 
n  moi  JcJ. 

There  are  certainly  advantages  in  implementing  the  model  with  a  computer. 
By  utilising  it:;  speed  and  cost  superiority,  you  can  obviously  investigate  many 
more  cases  with  a  computer  than  you  could  hy  hand,  in  practice,  one  normally 
takes  advantage'of  these  factors  of  speed  and  cost,  not  merely  in  just  running 
more  eases  of  the  same  model  than  one  would  use  if  doing  it  by  hand,  hut 
rather  hy  making  the  model  much  more  sophisticated,  l  et  mo  illustrate  this 
hy  an  example..  Several  years . ago  an  organization  got  a  new  computer,  flic 
first  unit  oil  the  production  line.  Of  course,  everyone  in  the  computing  field 
was  interested  in  hearing,  just  how  much  faster  the  new  machine  was  compared 
with  the  old.  When  asked  about  this  at  a  meeting,  the  head  of  the  installation 
related  that  they1  had  taken  a  problem  in  physics  that  had  been  run  on  the 
old  computer  and  had  run  it  nr.  the.  new  one  While  it  had  taken  an  hour 
per  ease  on  the  old  machine,  it  took  three  hours  on  the  new  one.  As  eveiyone 
did  a  double  take,  he  went  on  to  explain  that  they  had  been  able  to  use  a 
much  more  sophisticated  model  with,  the  new  machine. 

The  moral  here  is  that  she  computer  enables  the  analyst  to  'examine  his 
problem  in  more  detail  than  his  can  hy  hand  methods.  For  example,  the  i:Kue 
sophisticated  model  enables  him 'to  optimize  over  a  wider  area  ol  the  problem 
and  thus  avoid  suboptimization,  provided,  o!  course,  that  he  can  construct 
the  more  sophisticated  model  required. 

The  computer  makes  it  possible  for  the  analyst  to  do  sensitivity  studies. 
This  is  one  of  the  more  impoilan.t  attributes  of  using  a  computer-  the  ability 
to  answei  many  of  the  "what  il?”  questions  with  comparative  ease. 

l'he  speed  and  cost  advantages  of  the  computer  can  he  used  to  the  analyst's 
gain  because  they  enable  hirji  to  study  Ills  problem  in  a  Monte  Carlo  fashion 
instead  ol  in  an  expected-value  way,  a  distinction  made  in  Chapter  4.  Also, 
there  are  problems  involving  the  analysis  or  reduction  ol  data  for  which  a 
computer  may  be  indispensable. 

■j  . .  '  n 

U 

•  jl  ‘ 

14.2.  Oisaovan  t  Arms  <>i-  usini,  <  omi-ui  i-.ks' 

•I  . 

There  arc  problems  where  the  use  of  ,■  unnpmcr  is  not  profitable,  eveiu 
though  a  mathematical  mod'el  does  exist,  to  put  any  model,  even  a  small  one, 
oni. the  machine  involves  some  set-up  lime  and  costs.  For  small  models,  if 
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only  a  relatively  few  cases  are  to  be  calculated,  il  may  be  cheaper  and  faster 
to  do  them  by  hand.  Furthermore,  the  analyst  may  feel  that  in  'loin a  them 
by  hand  he  will  have  a  better  appreciation  for  and  will  have  more  control 
over  what  goes  on  in  the  model.  Even  with  medium-sized  .models,  if  vou 
are  going  to  run  only  a  very  few  raises,  it  f nay  he  cheaper  to  do  them  by 
hand  than  to  incur  the  set-up  costs  involved  in  getting  the  model  on  the 
computer.  However,  as  model  size  and  complexity  increase,  you  re.ich  the 
point  where  the  only  way  to  do  even  a  single  case  is  by  machine— you  just 
could  not  get  it  done  by  hand,  conecily  oi  incorrectly,  in  a  reasonable  period 
of  time. 

There  is  another  class  of  proolcms  that  cannot  he  economically  implemented 
on  a  machine  because  the  nature  of  a  computer  demands  that  its  input  must 
be  mechanized;  that  is,  the  input  must  he  in  a  form  readable  by  the  machine — • 
on  punched  cards  or  magnetic  tape,  for  example.  Thus,  in  cases  where  the 
amount  ot  processing  of  input  data  is  relatively  small,  ii  is  easier  and  cheaper 
to  process  the  data  by  hand,  since  machine  processing  involves  comparatively 
high  costs  in  time  and  dollars  io  prepare  the  inputs  Here  is  another  case 
where  the  human  is  cheapo  and  faster  than  the. machine. 

i 

In  general,  gaming  ami  simulation  problems  are  typically  characterized  by 
the  fact  that  there  is  a  human  in  the  system.  That  is,  if  the  machine  is  used 
in  the  system,  we  have  a  cycle  of  human  processing,  machine  processing, 
human  processing,  machine  processing...  .  If  we  could  build  a  mathematical 
model  of  the  processing  done  by  the  human,  we  could,  of  course,  mechanize 
the  whole  thing.  However,  foi  piohlems  of  this  class,  the  instances  w’uc.e 
mechanization  can  he  nunc  me  comparatively  rare.  As  !o  which  can  and 
which  cannot,  this  is  almost  always  dependent  on  ..the  amount  of  data  that 
would  have  to  be  mechanized  as  input  to  the.,  computer  for  each  cycle,  and 
upon  the  amount  of  processing  to  be  done,  in  passing,  1  might  mention  that 
analogue  computers  are  sometimes  quite  useful  for  this  class  of  problems. 

14.3.  PROCiltAMM-VNCi 'THU  MOillil. 

As  1  have  indicated,  the  successful  use  of  a  computer  in  analysis  is  intimately 
'  tied  in  with  mathematical  model  making.  If  you  cannot  make  a  mode!  ol  at 
least  a  poilion  of  your  problem,  then  the  computer  is  valueless.  The  computer 
as  we  know  how  to., use  it  today  cannot  help  with  a  problem  tint!  you  cannot 
intellectually  solve  without  the  computer'  The  computer  is  no  panacea.  Nor 
ir,  the  fact  that  n  computer  has  been  used  in  a  given  analysis  the  equivalent 
of  the  Good  Housekeeping  Seal  o!  Approval.  Hu:  results  me  no  neiici  than 
the  model  which  the  computer  has  implemented.  Unfortunately,  the  fact  that 
a  computer  has  been  used  in  an  analysis  is  frequently  iiscd  to  give  an  un¬ 
warranted  aura  of  authenticity  to  the  results.  . 

The  fact  that  a  computer  has  been  user  I  may  be  evidence  that  the  analysis 
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is  based  on  consideration  of  the  problem  in  detail,  and  that  many  possibilities 
have  been  examined.  Hut  its  use  bears  no  testimony  whatsoever  about  the 
quality  of  that  consideration  and  examination, 

the  tuple  oi  niod-ls,  their  advantages  and  pitfalls,  is  not  my  province  in 
this  chapter,  hut  it  is  ,o  closely  related  to  that  of  using  computers  to  implement 
models  that  I  cannot  completely  divorce  the  two.  1  et  me  discuss,  trie  pitfalls 
tor  a  minute.  A  model,  for  example,  may  be  constructed  to  reflect  accurately 
the  outcome  of  an  air  battle,  provided  the  speed  of  the  aitciafi  involved  is 
subsonic.  In  other  words,  the  equations  in  the  model  involving  speed  may  be 
slic'd  that  they  give  nonsensical  tes tills  ioi  a  battle  involving  supersonic  air 
craft.  The  model-builder  inav  have  been  quite  aware  of  this  at  the  time  and 
did  |hol  care,  because  he  was  only  concerned  with  the  subsonic  case.  This 
illustrates  just  one  of  the  many  dangers  in  using  a  model  for  a  purpose  for 
which  it  was  not  originally  designed— -one  man's  worthwhile  model  may  he 
another  man’s  trap. 

b-ven  when  the  mathematical  model  has  been  designed  to  handle  the 
genera!  ease,  implementation  of  the  model  on '  the  computer  may  introduce 
some  loss  of  generalization.  As  an  example,  the  computer  programmer,  for 
reasons  ol  programming  efficiency,  may  code  an  air  battle  model  so  that  the 
computer  routine  works  only  for  the  subsonic  case,  knowing  that  this  is  the 
•  model  builder's  area  of  interest.  Subsequent  use  of  the  routine  may  overlook 
the  tact  Unit  it  was  programmed  in  thus  way.  Consider  what  happened  to  ns 
recently  when  yve  attempted  to  use  a  statistical  routine  written  elsewhere. 
Although  the  statistical  model  involved  works  for  an  infinite  amount  of  data, 
the  routine  was  constructed  in  such  a  way  that  only  the  first  twenty  items  ol 
statistical  information  were  accepted-— all  additional  data  were  ignored.  !; 

The  point  here  is  that  the  computer  routine  may  embody  more  assumptions 
than  exist  in  the  model  itself.  An  additional  point  should  .be  made  about 
assumptions.  All  models  involve  assumptions,  but  with  a  computer  more 
complex  models  may  he  implemented ..iluni  if  one  is  using  hand  calculation. 
Kul  don’t  be  deluded-  the  assumptions  am  still  them  in  the  more  complex 
model.  1  hey  have  merely  been  made  at  a "  different  ..level  of  detail.  Ibis  may 

he  good,  but  unit  must  not  lose  sight  of  the  fact  that  they  tire  there.  Some 

people  seem  almpsf  mesmerized  by  the  very  detail  of  the  calculations. 

Associated  with  the  problems  of  formulating  models  is  the  allied  problem 
ol  writing  the  computer  routine  which  mechanizes  the  mode!  Indeed,  these 
two  normally  proceed  in  parallel.  However,  to  locus  attention  lor  the  moment 
on  the  computer  programming  task,  let  us  assume  a  limshed  and  polished 

..model.  Computer  programmers  must  now  spell  out  in  the  most  painstaking 

detail  (and  ultimately,  with  absolute  perfection)  the  computer  instructions  that 
will  enable  the  machine  to  duplicate  the  model.  It  is  important  to  have  an 
appreciation  of  the  work  involved,  tor  when  one  realizes  the  magnitude  ol 
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the  task,  one  is  less  apt  to  underestimate  the  time  required  for  i!  in  the 
complete  cycle  of  problem  formulation,  programming,  running  production  on 
the  machine,  analyzing  the'  results,  drawing  conclusions,  and  making  decisions. 

I  say  less  apt,  because  even  experienced  programmers  often  have  a  considerable 
optimistic  bias  in  estimating  tune  required  to  program  a  given  problem. 

We  often  hear  the  computer  described  as  a  giant  brain— as  being  very 
versatile.  In  reality,  ;,the  computer  is  capable  of  ,only  a  comparatively  few 
basic  operations  it  ,can  add,  subtract,  multiply,  divide,  compare  numbers, 
accept  input,  and  output  results.  A  given  computer  may  lie  capable  of  a 
number  of  upvi  at  lord!  which  are.  variations  on  the  -  above,  but  its  repertoire 
is  still  quite  limited..,, To  make  use  of  a  computer,  pne  must  wjiie  out  a.  list 
of  instructions  lealletl  a  tontine),  e„vhich  is  the  task  6f  the  computer  program¬ 
mer.  Figure  14.1  isbt  typical  shtfrl  routine.  In  this 'case,  vve  have  a  number 
stored  iri  the  computer,  find  we  want  to  obtain  its  square  root.  1  do  not  intend 
to  go  through  the  example—  1  present  it  only  to  show  what  a  programmer 
has  to  write  down  to  get  ;a  computer  to  do  something  that  is  relatively  simple. 
In  practice,  such  routines  as  the  one  used  to  calculate  a  square  root,  which 
are  obviously  going  to  he  needed  by  many  dillcrenl  programmers  for  many 
problems,  are  written  up  only  once  and  then  added  to  a  library  of  such 
routines,  from  which  they  may  be  called  by  the  programmer  when  hr  needs 
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them.  This  somewhat  trivial  point  docs  illustrate  the  fact  that  most  routines 
are  made  up  of  a  collection  of  subroutines. 

in  writing  out  his  list  of  instructions,  the  programmer  must  do  much  more 
than  just  arrange  to  have  the  machine  carry  slut  the-  calculations  required. 
There  are  housekeeping  chores  involved  in  getting  the  various  routines  to 
mesh  and  work  together:  input  data  must  be  read,  and  the  results  outputted 
in  some  fashion.  Restart  procedures  must  he  incorporated  to  handle  eases  of 


of  monitoring  must  be  provided  for.  For  instance,  suppose  you  give  a  missile 
trajectory  problem,  with  an  error  in  the  formulation,  to  a  desk  calculator 


operator.  A  few  hours  later  he  comes  hack  and  says,  “At  time  equal  to  27 
seconds  the  thrust  became  negative  can  that,  he?"  The  computer  itself  will 
not  provide  such  service,  although  the  whole  calculation  may  blow'  up-  as  a 
result,  so  that  you  would  know  something  was  wrong,  even  if  you  would' not 
know  exactly  what.  On  the  other  hand,  the  result  of  the  error  in  formulation 
may  not  he  so  obvious;  it  may,  for  example,  produce  a  20  per  cent  error  in 
the  -final  result.  Consequently,  the  programmer  must  build  some  degree  of 
monitoring  into  his  routine.  That  is,  he  must  arrange  tor  iiis-  routine  to  raise 
red  flags  when  something  happens  which  should  not,  as  in  the  ease  of  the 
thrust’s  becoming  negative.  Our  square,  root  routine,  for  example,  does  raise 
a  red  llag  if  the  number  whose  square  root  we  are  after  is  negative.  In  practice 
it  is  impossible  to  monitor  a  computer  calculation  in  the  same  fashion  that 
hand  calculations  are.  monitored.  On  the  other  hand,  it  is  sometimes  possible 
to  build  complex  checking,  which  is  too  laborious  to'  do  bv  hand,  into  a 
computer  program. 


Jn  worrying  about  such  monitoring,  the  prograiy.mer  has  learned  to  ask 
many  searching  questions  about  trie  problem.  This  very  probing  frequently 
uncovers  things  the  model  formulator  hadn’t  thought  of  and  accounts  for  the 
fact  that,  in  practice,  model  building  and  programming  really  go  hand  in  hand. 
The  pi ogrammer  also  knows  that  tlicie  will  he  many  changes  made  in  the 
model  before  it  is  completed,  and  la-  spend-;  a  lair  amounted  his  time  trying- 
to  make  such  changes  easy  to  include.  Historically,  such  eflorts  usually  fall 
far  short  ol  dip  .desired  goal,  not  because  he  lias  done  a  poor  job  but  because 
it  is  so  difficult  to  predict  in  advance  the  nature  of  the  changes  and  their  client 
on  the  model.  Changes  iri  a  routine  almost  always  call  tor  a  programming 
elforl  disproportionate  to  the  si/e  of  the  change. 

In  building  his  routine  the  programmer  tries  lo  anticipate  the  “what  if?” 
questions  which  tile  model  may  lie.  asked,  and  lie  usually  wijj  have  most  of 
them  covered.  Howevei,  lilc  is  dillieull,  and  questions  will  come  up  that  can 
he  handled  only  by  major  revisions  in  the  routine. 

,  Alter  the  programmer  ha\x  written  his  list  of,  instructions,  and.  they  have, 
been  keypunched  for  entry  into  tin*  machine,  lie  begins  the  long  process  ol 
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AIR  REFUELING 


Is  cell  ^t  proper  location  lor 
i|r  refueling? 

1  • 

Yes 

l 

Nn 

.  1 

Hjs  match  ini;  fell  «tr  rived  at  J 

Keep  flying  toward 

refueling  paint?  j 

proper  location. 

Ci>nMjcrini>  cash  airtr.ilt  m  coll, 
Joes  li  abort  during  refueling; J 
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Cakitjjtc.  number  of  plants  m  toll  winch  tan 
participate  in  re  fuel  in,:*  with  number  of  i«m- 
al>ortcci  iiiakliini*  aircraft  fhasrd  on  specified 
ratio).  A«Jd  surplus  a  ire  ran  to  aUwt  rri:  ;-U 
tOril  fuel  transfer  matt  him-  aircraft 
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Mg.  14.2  A  lypical  flow  chart 


debugging  his  routine.  He  usually  tines  it  by  trying  in  check  out  one  sub- 
luutine  at  a  tinge.  ■  i o  cio  this  he  must  often  write  other  routines  which  put 
the  routine  to  he  tested  through  its  paces.  A.s  various  subroutines  get  cheeked 
out,  lie  will  try  groups  of  subroutines  together,  and  eventually  he  gets  to  the 
point  where  all  of  them  appear  to  he  working.  In  referring  to  the  programmer 
as  “he",  ■  have  really  been  speaking  in  a  collective  sense.  In  reality,  a  number 
of  individuals  Will  be  involved  in  all  large  programming  tasks,  each  one 
writing  specific  subroutines  which  must  be  pieced  together  in  the  final  routine. 

1  have  not  yet  mentioned  one  of  the  earliest  steps  in  the  programming  task, 
that  of  making  up  a  flow  chart.  A  flow  chart  is  essentially  a  roan  map  showing 
the  route  between  routines  and  represents  the  programmers’  “plan  of  attack” 
on  the  problem.  Figure  14.2  is  an  example,  of  a  typical  flow  chart.  It  might  be 
interesting  to  note  that  programmers  seldom  work  from  such  neat  flow.,  charts. 
Figure  14,3  shoWs  ail  example  of  a  real  working  flow  chart.  ! 

Complete  computer  routines  vary  in  sixe  from  a  few  hundred  to!  a  few 
hundred  thousand  instructions.  The  production  of  checked-out  instructions 
.'oy  individuals  varies  considerably  a.s  well,  from  about  one  or  two  per  day 
to  several  hundred  per  day.  The  cost  of  a  checked-out  instruction  will  likewise 
vary  considerably,  say  from  $.50  to  $  20.  The  more  likely  ..range  today  >s 
$  1  to  $  5  per  instruction.  Thus,  large  routines  can  be  quite  expensive.  This 
does  not  contradict  my  earlier  statement  that  one  of  the  chief  attributes  of 
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computers  is  that  they  turn  out  results  cheaply.  Renw’mher  that  in  the  com¬ 
parison  between  computers  and  humans  the  point  was  made  that  computers 
could  turn  out’.,  results  more  cheaply  than  humans  after  the  machines  have 
been  programmed.  One  must  also  distinguish  between  the  cost  of  programming 
and  the  machine  costs  involved  in  ■  tinning  the  program.  In  passing,  it  might 
he  worth  pointing  out  that,  since  the  unit  cost  is  low,  the  analyst  may  request 
copious  amounts  of  work,  and  thus  the  total  cost  may  he  quite  high.  He  may 
also  overestimate  his  ability  to  process  the  results  and  find  himself  unable  to 
cope  with:  the  flood  offlpapcr  which  he  receives. 

14.4.  Problem  formulation 

1  have  been  trying  to  give  you  an  appreciation  of  the  magnitude  ol  the 
programming  task  involved  in  the  use  of  computers  and  have  really,  said  very 
little  about  the  magnitude  of  the  task  -of  building  the;  model  itself,  or.  >n  more 
general  terms,  the  problcm-lormulation  task.  Although  model  building  is  not 
my  province,  I  would  like  to  mention  problem  formulation  for  those  applica¬ 
tions  of  computers  which  do  not.  strictly  speaking,  involve  the  implementation 
pf  a  model  in  the  sense  we  have; been  discussing  so  far. 

Problem- formulation  is  usually  so  intertwined  with  progr ammiiigVJiaj;  the 
two  are  frequently  lumped  together.  Invariably  kite  amount  of  effort  required 
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is  underestimated  frequently  grossly  underestimated  -even  when  the  problem 
is  fairly  simple.  There  are  many  reasons  for  this.  It  personnel  familiar  with 
the  problem  do  the  programming,  they  must  learn  programming.  This  takes 
time,  and  they  may  never  become  experts  at  it.  If,  on  the  other  hand, 
programmers  have  to  carry  the  entire  burden  of  problem  formulation,  then 
they  have  to  learn  the  problem-  which  again  lakes  lime — -and  they,  too,  may 
never  really  learn  it.  If  a  mixed  team,  is  used,  communication  becomes  a 
problem;  each  has  to  learn  the  other's,  language,  which  takes  more  time.  The 
technique  of  vising  personnel  familiar  with  the  problem  to  do  the  programming 
has  worked  successfully  in  a  number  of  business  data  processing  applications. 
The  approach  using  programmers  to  carry  the  formulation  burden  is  pretty 
much  untried.  The  mixed  team  approach  is  fairly  widely  used,  and  1  personally 
believe  it  is  the  best.  However,- 1  think  that  there  is  an  important  point  which 
should  be  made  about  this  approach.  Tor  large  systems,  1  believe  that  it  is 
very  important  for  the  man  familiar  with  the  problem  to  learn  the  pro¬ 
grammer's  Um^itape  ami  to  learn  about  programming  and  about  machine 
limitations.  The  man  with  the  problem,  whim  it  is  a  large  one,  capnot  just 

-  hand  it  to  the  programmer  and  tell  him  to  solve  it. 

Another  rea.,on  for  underestimating  the  magnitude  of  the  task  of  introducing 
a  new- computer  application  is  that  the  computer  method  frequently  represents 
a  completely  new  approach,  somewhat  foreign  to  the  old  way  of  doing  the 
problem.  Here,  tl«5  comm  vutism  of  individuals  and  the  inertia  ul  organisations. 

-  often  make  the  introduction  o!  changes  dillicult  and  sometimes  impossible. 

Of  all  the  factors  contributing  to  Ihc  size  of  the  task.;  1  believe  that  deciding 
in  detail  ju:,l  what  problem  you  are  going  to  solve  is  the  point  thai  gives  the 
most  trouble.  Tor  example,  a  bank  oHieial  whose  procedures  were  recently 
mechanized  staled  that  C>5  per  cent  of  the  data  processing  group's  effort  went 
to  deciding,  in  detail  what  problem  they  were  solving. 

Let  me  give  several  examples  to  illustrate  the  fact  that  long  lead  times 
are  involved  and  to  point  out  Ihb  reasons  lor  them. 

Possibly  ’the  most  infamous-  example  in  the  data  processing  Held  involved 
a  manufacturing  concent  which  set  out  to  mechanize  its  payroll.  Ii  was'  a 
payroll  involving  group  incentives  ami  individual  incentives  and  was.  con¬ 
sequently,  a  fairly  complicated  payroll,  but  still  just  a  payroll.  I  he  linn  had 
its  own  experts,  the  compute;  manufacturer  supplied  a  number  of  know¬ 
ledgeable  individuals,  and.  iust  to  be  safe,  a  firm  ql  public  accountants  was 
hired  as  .consultants.  I  hey  thought  they  had  the  problem  well  in  hand.  Some 
two  years  later,  alter  waiting  several  hundred  thousand  instructions,  they  all 
threw  m  the  towel.  To  he  fair,  this  group  was  pioneering,  and.  there  was 
much  to  be  learned.  Today,  the  machine  involved-  is  really  paying  its  .way  ill 
an  inventory-control  application  as  well  as  processing  the  payroll  efficiently. 
Unfortunately,  people  and  organizations  in  this  held  are  not  very  good  at 
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learning  from  others'  mistakes,  and,  consequently,  there  have  been  many 
similar  instances  Since.  F.ven  today  some  organizations  are  making  the  same 
mistakes  all  over  again  and  arc  headed  for  the  same  result. 

The  second  example  involves  a  public  utility.  Here  the  approach  was  quite 
intelligent  and  deliberately  slow,  but  still  they  underestimated  the  Size  of  the 
job.  They  began  studying  their  problem  in,  1953.  A  year  later,  the  company 
decided  that  it  could  justify  a  computer  on  economic  grounds  and  selected 
a  particular  machine.  Experts  immediately  began  problem  formulation  and 
programming.  Two  and  a  half  years  later  the  utility  got  its  computer  and 
began  the  job  of  converting  the  manual  system  to  the  machine,  lhcv  planned 
on  a  nine-month  conversion  period,  but  it  actually  took  them  14  months.. 
Originally  it  had  been  estimated  that  30  000  program  instructions  would  be 
required.  When  the  job  was finished  there  were  42  000  instructions:  they 
had  underestimated  the  amount  of  individual  judgment  being  used  in  the 
handling  of  exceptions  and  had  discovered  the  importance  of  programming 
many  checks  and  controls  (the  led  flags  mentioned  earlier).  In  addition,  they 
had  to  write  20  000  instructions  to  take  care  of  the  conversion.  A  number 
of  new  people  had  to  be  added,  during  the  conversion  because  they  really 
had  three  systems  in  operation  during  this  period  the  old  system,  the  new 
one,  and  the  conversion  operation.  In  order  to  install  a  computer  that  would 
eventually  reduce  the  work  force,  the  company  had  to  increase  temporarily 
its  work  force  by  60  people.  In  I  he  process  of  installing  a  computer,  clerical 
work  groups  and  many  company  policies  were  changed.  A  great  deal  of 
reorganization  resulted  from  the  conversion. 

The  point  is  this:  For  large  systems,  the  largest  single  factor  contributing 
to  long  lead  times  is  most  probably  the.  computer  program  itself,  even  when 
fairly  complex  hardware  must  he  developed  and  produced. 


14.5.  The  i.angua<,ie  mismatch 

f 

Why  is  it  that  programming  is  such  a  lengthy  task?  Is  there  any  hope  for 
shortening  it?  1  suppose  that  the  chief  cause  is  the  mismatch  between  the 
language  of  the  computer  and  that  of  the  human.  As  we  have  seen,  the 
computer  must  be  instructed  in  precise  detail.  Contrast  this  with  instructions 
you  might  give  an  engineering  aide,  like  “Please  integrate  this  function  from 
zero  to  one”.  Also,  the  engineering  aide  works  with  a  large  background  of 
information  ,and  common  sense.  The  aide  knows,  for  example,  that  missile 
thrust  should  not  go  negative. 

Progress  is  being  made  on  the  language  mismatch  between  computers  and 
humans.  The  sample  routines  shown  in  Figs.  14.1  and  14.4 'do  not  represent 
actual  machine  language,  which  is  strictly  numeric.  The  instructions  on  the 
sheet  shown  in  Fig.  14.1  will  first  be  processed  by  a  routine  called  an  assembly 
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routine,.  which  ss  ill-  produce  the  actual  machine  language.  This  routine  docs 
much  more  than  just  translate  the -.alphabet ic  language  info  numeric  for  the 
’machine.  For  example,  in  machine  language,  it  must  always  he  known  just 
where'  a  given  number  is  in  storage.  With  an  assembly  reftitine,  all  that  is 
required  is  that  the  number  he  given  a  name  (for  example  “common''  in 
Fig.  14.1).  livery  time  you  want  it.  you  use  that  nami);  the  assembly  routine 
will  supply  a  particular  address.  It  is  in  the  nature  of  an  assembly  routine 
that,  in  general,  one  instruction  written  in  the  laitgttae'o  of  the  assemble 
routine  will  produce  one  machine  instruction.  There  is  another  class  of 
routines,  called  compilers  or  generators,  which  may  produce  many  machine 
instructions  from  a  single  compiler  instruction  or  statement.  This  can  ob¬ 
viously  save  a  good  deal  of  programming  effort.  The  language  of  the  compiler 
is  considerably  dilfefe.nl  from  machine  language  (and  more  iike  out  own 
although  not  neiirlv  as  alike  as  we  might  wish).  " 

The  best  known  of  these  compilers  today  is  rout  ran  (for  roumula 
iRANslalor),  which  has  been  written  for  many  computers.  Olhci  well-known 
compilers  a-e  cnuoi  and  \i  <;oi  . '  Figure  14  4  is  an  example  of  instructions 
writlen  in  iouikan.  In  this  particular  case,  the  compiler  generated  lid 
mud unc  language-  instructions  from  the  M  compiler  statements. 

Fortran  does  reasonably  well  al  reducing  the  programming  effort  involved 
in  problems  that  are  quite  mathematical  m  natme.  Needless  to  say,  llicic  me 
manv  problem  areas  where  it  is  essentially  useless.  T  here  is,  of  course,  hope 
for  the  future,  but  these  new  systems,  like  all  piogamming  .tasks  today,  have 
long  lead  times.  They  ate  expensive,  too.  the  cost  of  I  or  Iran  being  close  to 
one-half  million  dollars. 

I4.(>.  StiMMAR'l 

('omputers,  when  compared  in  hitmans  titling  tusks  to  which  <  '..•.•npUicrs  tan 

In'  re-adds  iclupied .  aiC;  lastei,  cheapci.  and  inoie  reliable, -and  will  become 

even  moje  so  in  the  future.  The  success! til  use  of  ll  computer  in  analysis  is 

mtineiielv  tied  in  with  mathematical  mode!  .building.  We  have'  considered 

some  of  the  pitfalls  in  using  computers,  which  are,  also  closely  associated 

with  those  involved  in  using  models.  The  possibly  insidious  nature  of  these 

pitfalls  lias  been  indicated.  I  have  attempted  to  debunk  the  notion  that  using 

a  computer  necessarily  implies  a  flood  Housekeeping  Seal  oi  Approval  lor 

the  results  of  the  study. ■ 
r 

I  have  tiieu  to  give  some  looting  tor  the  magnitude  of  the  pi ogi amnung 
involved  in  the  use  of  a  computer  and  the  unfailing  tendency  ol  everyone  to 
underestimate  it.  The  reason  for  the  size  of  the  task,  I  believe,  is  the  mismatch 
between  the  language  of  the  human  and  the  language  of  the  ■  computet  1 
i>  nave  uMichix  !  Open  the  effort  under  way  to  do  someth, ing  about  this  language 
mismatch.  ..  f- 
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hi  discussing  the '  magnitude  of  the  programming  tusk,  1  have  provided 
several  examples,  not  in  the  implementation  of  models  but  in  the  business 
data  processing  field.  In  data  processing  thei.e  are  additional  reasons  for  the, 
magnitude  of  the  task.  Problem  formulation  and  definition  arc  more  difficult,  i 
for  example,  and  the  conversion  to  electronics  frequently  involves  changes  ‘ 
in  policy  and  group  reorganization.  Since,  in  many  cases1,  the  only  precedent 
is  an  existing  manual  system,  an  additional  problem  is  the  lack  of  knowledge 
about  the  detail  required  to  treat  exceptions  ;«nd  to  provide  adequate  controls. 

!  have  presented  a  fairly  negative  attitude  because  1  believe  that  in  many 
ways  computers  have  been  oversold,  lhcv  arc  not  oracles;  they  are  not  a 
panacea.  The  computer  cannot  help  you  with  a  problem  that  you  cannot 
intellectually  solve  without  it. 

On  the  other  hand,  1  do  not  want  to-  undersell  the  computer.  In  clerical, 
procedures,  it  is  obviously  bringing  about  a  revolution.  In  the  area  of  analysis, 
coupled  with  model,  building  and  the  new  advanced  mathematical  techniques 
(including  all  the  dbneepts  that  can  be  lumped  under  the  term  operations 
research),  cnmpnleis  enable  ’'the  analyst  to  study  problems  in  a  way  heretofore 
impossible.  i 

1  have  purposely  not  done  any  prophesying  about  getting  computers  to 
accomplish  tasks  that  require  intelligence,  not  because  I  do  not  believe  that 
such  applications  are  coming,  blit  because  P  believe  that  they  are  far  enough 
in  the  future  as  to  he  inappropriate  for  this  discussion. 

In  closing,  let  me  return  to  the  analogy  of  playing  with  tire  we  can  do 
tremendously  good  things  with  computers,  but  wo  must  not  let  the  application 
run  away  with  us. 
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i  and  the 

STAFF  OF  THE  -RAND  COST  ANALYSIS  DEPARTMENT 


15.1.  Introduction 

In  Chapter  6,  M.  W.  Hoag  discussed  the  relevance  of  cost  in  systems 
analyses.  The  present  chapter  is  concerned  with  how  cost  is  to  be  estimated 
and  taken  into  account  in.  such  an  analysis. 

Before  turning  to  a  discussion  of  cost-estimating  techniques,  a  few  "com¬ 
ments  should  be  made  about  the  genera!  type  of  casting  method  the  systems 
analyst  might  need  in  a  particular  study.  It  may  seem  trite  to  say  that  the 
type  of  method  needed  “depends  on  the  problem",  but  this  is  clearly  the 
case.  Furthermore,  even  for  a  given  problem,  the  method  used  at  one  stage 
in  ihe  analysis  may  differ  from  that  used  at  another  stage.  For  example,  in 
the  preliminary  phases  of  a  systems  study  there  may  he  a  very  large  number 
of  alternatives  to  be  considered.  The  problem  is  to  screen  these  alternatives 
with  a  view  to  weeding  out  the  obviously  unattractive,  ones.  Numerous  quick 
optimization  runs  may  be  required  to  do  this;  and  for  these  preliminary 
calculations,  only  very  gross  cost  inputs  usually  are  needed.  Hero*  the  need 
is  lor  a  costing  method  that  is  flexible,  not  too  demanding  on  manpower  and 
time,  and  one  that  stresses  cpnsistejicy  rather  than  a  high  degree  of  accuracy. 
Later  on  in  the  analysis,  when  the  number  of  interesting  alternative  systems 
has  been  reduced  to  manageable  size,  more  refined  and  hence  more  time 
consuming— costing  methods  may  he  used. 


In  vSiouMiig  among  uSici native  miliuu/  sy^temr*  or  fore; 


we  make  cost  estimates?  The  short  answer  is  that  cost  is  an  element  of  choice 
we  cannot  ignore.  To  choose  wisely,  we  must  know  the  cost  of  the  proposal 
and  he  ahle  to  compare  it  with  the  costs  of  other  proposals.  We  must  also 
know  the  benefits  of  the  choice,  and  be  able  to  compare  them  with  the: 
benefits  of  the  alternative  possibilities.  The  intelligent  weighing  of  costs  and 


benefits  ss  at  least 


alii:; 


nai’ement  and  decisionmaking 


as  in  any  other  sector  of  government  activity  or  in  private  business  enterprise. 

Good  cost  estimates  for  weapon  a,nd  support  systems  are  becoming  in¬ 
creasingly  important,  not  only  because  ihe  new  system  proposals  are  often 
extremely  costly,  requiring  a  substantial  share  of  the  nation’s  resources,  but 
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ajso  because  there  are  so  many  systems  competing  for  consideration.  More 
and  more  it.  is  recognized  that  n  propositi  system  cannot  be  judged  unless 
both  its  costs  and  its  capabilities  arc  estimated  and  compared  with  those  of 
alternative  proposals.  Both  costs  s\nd  capabilities  are  difficult  to  assess, 
particularly  when  we  try  to  look  several  years  ahead,  but  the  assessment  must 
be  made  in  advance  if  it  is  to  provide  a  basis  for  choice, mow,  among  competing 
proposals.  ' 

This  suggests  that  the  matter  of  uni  rriainiy  is  a  very  real  problem  in  cost 
analysis  of  future  military  systems  and  forces.  Here,  the  problem  is  especially 
severe,  because  the  system  and  force  proposals  being  analyzed  may,  and 
usually  do,  change  as  the  future  unfolds.  These  changes  may  stem  from  many 
sources:  a  change  in  enemy  capabilities  or  intentions,  failure  of  a  particular 
system  configuration  to  attain  the  desired  performance  levels,  a  change  in 
specified  performance  requirements  necessitating  redesign  of  a  system's  hard  ¬ 
ware  and/or  operational  concept,  and  so  on.  Over  and  above  uncertainties 
of  this  type  are  those  inherent  in  the  cost-estimating  process  itself :  errors 
in  basic  data,  errors  in  cofct-cstimaiing  relationships  used  to  prepare  cost 
estimates,  extrapolation  errors,  and  the  like.  One  of  the  central  problems  in 
cost  analysis  today  is  to  develop  new  methods  for  dealing  will:  the  types  of 
uncertainty  mentioned  above.  So  fat,  only  slight  progress  has  been  made;  and, 
for  this  reason,  very  little  is  said  in  this  chapter  about  how  to  treat  the  problem 
ol  uncertainty.  W<-  hope  that  research  now  under  way  at  The  hand  Corpora¬ 
tion  and  elsewhere  w.iii  produce  useful  results  in  the  nol-lou-distant  future. 

The  pm  pose  of  this  chapter  is  to  describe  briefly  methods  of  cost  analysis 
which  are  being  developed  under  I’roieci  kano  for  use  in  estimating  weapon 
and  support  system  and  total  force  costs. 

A  weapon  system  is  defined  by  Air  Force  Regulation  80-1  as  follows: 


Weapon  System.  Composed  of  equipment,  skills,  and  techniques  the 
composite  of  which  tonus  an  instrument  of  combat,  usually,  but  not 
necessarily,  having  an  aerospace  vehicle  as  its  major  operational  element. 
The  complete  weapon  system  includes  all  related  facilities,  equipment, 
materiel,  services,  and  personnel  rcquired  tor  the  operation  ol  the  system, 
so  that  the  instrument  of  combat  can  he  considered  as  a  self  sufficient- 


unit  of  xti iking  power  in  its  intended  operational  environment1. 

.  Support  system  and  control  system  are  similarly  defined  and  are  becoming 
increasingly  important  in  terms  of  cost.  While  this  is  recognized  in  the  psesent 
i!  chapter,  we  do  not  deal  with  them  in  as  much  detail  as  we  should  like.  Much 
A  of  our  work  in  developing  methods  of  cost  analysis  lor  these  systems  is  still 


Air  Foil*  Regulation  no.  80-1,  “Research  and  Development."  Definitions  of 
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tentative  anil  does  not  permit  definitive  presentation. 

..in  comparing  the  costs  of  military  systems,  we  prefer  to  speak  o!  "cost 
analvsW  rather  than  "cost  estimation",  because  the  identification  of  the 


appropriate  elements  of  cost-  the  analytical  breakdown  of  manly  complex, 
interrelated  activities  and  equipments  is  so  important  a  part  of  the  method 
Weapon  systems  cost  analysis  is  much  more  than  an  estimate  of  the  cost  of 
the  weapon  itself.  Weapon  procurement  cost  may  be  relatively  small  coil] pared 
to  other  necessan  costs,  such  as  base  facilities,  training,  of  personnel,  and 


operating  expenses:  and  these  other  costs  may  vary  greatly  front  system  to 
ssst.em.  Moreover,  in  comparing;  and  programming  k.iture  systems  as  lar  as 
live  or  ten  veais  ahead,  the  costs  of  research  and  development  must  he  taken 


into  aeeonnl.  Reecnt  experience  indicates  that  research  and  development  costs 
are  rising  relative  to  the  other  costs,  and'  may  he  expected  to  rise  further  as 
technological  change  accelerates.''  in  comparing  alternatives,  therefore,  it  is 
necessary  to  estimate  the  cost  of  the  complete  system,,  including  directly 
related  support  costs,  over  the  whole  time  period  Iroin  .  I  ho  beginning  ol  its 
development  toils  activation  and  on  til  rolls’ h  its  subsequent  operation  while 
still  in  the  active  inventory. 

What  specifically  do  we  mean  by  cns!'.1  In  an  economic' sense,  the  cost  ot 
something -means  the  resource  drain  on  the  economy  caused  by  the  attain¬ 
ment  of  that  something.  Titus  the  economic  cost  of  national  security  is 
measured  by  the  resources  allocated  to  the  accomplishment  of  that  objective. 

In  .maktieal  uoik.  lor  example  'in  weapon  systems  analysis,  we  most 
generally  use  </<<//,• -i>  cost  as  a,  mcasine  ol  economic  lesouree  cost,  bor  most 
pm  noses  dollat  cost-  are  a  sulliciently  meaningful  measure  of  the  resources 
needed  In  develop,  pi oc lire  and  operate  a  weapon  system.  Moreover,  in  fixing 
our  attention  on  the  weapon  system  as  a  whole,  we  need  some,  way  ol 
lepicscming  a  sum  of  many  dissimilar  resources  manpower,  missiles,  base, 
installations*;  training  schools,  etc.  These  items  can  host  be  aggregated  in  terms 
of  | he  dollar's  that  will  buy  them.  I  Inis,  systems  analysis 'and  military  planners 
geneially  libel  it  cijiiven ienl  to  represent  total •  resources  by  dollar  cost.  In 
.genet tiling  Ultc  dollar  cost  in  weapon  systems  cost  analysis-— -the  major 
components  ol  the  .system  aic.  ol  com  sc,  described  in  terms?  ol  categories  of 
physical  icsoiiiccs.  This  description  ol  physical  resources  is  niton  extremely 
use! ul  in  itself,  in  calling  attention  to  major  differences  between  systems,  and 
in  identifying  unrealistic  choice'-,  such  as  systems  that  would  cxcc-co  ine 
possible  supplies  ui  .1  given  resource  -say,  teebnicai  iiiunpowci . 

in  usinu  tlollai  cost,  questions  miiuiuHv  arise  about  possible  changes  in 
the  price  level  in  I  lit  tire  years.  1 1  owes  ei .  ii  we  rclleci  on  the  purpose  ol  the 
analysis,  it  appears  that  changes  in  price  level  usually  will  not  significantly 
affect  t be  resub .  Wliat  is  wanted  is  a  method  lor  broad'  comparison  ol  costs 
c-f  competing  systems  in  a  given  year  or  ovci  a  poiiod  ol  years.  As  inflation 
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or  deflation-  will  presumably  ailed  tlu:  costs  ol'  the  various  systems  in  essen¬ 
tially  the  same  way,  it  is  convenient  io  assume  o  stable  prim  level  dr  a 
"constant  dollar".  In  any  case,  if  there  is  special  interest  in  the  effects  of 
price-level  changes,  it  is  usually  easiest  to  begin  with  cost  estimates  ih  terms 
of  constant  dollars  and  then  to  modify  them  in  accordance  with  the  expected 
course  of  future  prices. 

Moreover,  even  in  the  best  systems  analysis,  other  future  uncertainties  are 
very  large.  Systems  will  he  subject  to  inunv  unforeseen  changes  in  configura¬ 
tion  as  they  advance  through  future  years  from  research  and  development 
through  procurement  to  operational  Use.  The  died.-,  of  these  changes  have 
cost  implications  which  are  almost  sure  to  be  grealei  than  the  effects  of  any 
probable  change  in  the  general  level  of  prices.  The  methods  of  cost  analysis 
described  heic  seek  meaningful  comparisons  among  systems,  rocogni/ing  that 
in  long-range  projections  only  the  dominant  dilfereuees  can  he  used  to 
distinguish  one  proposed  system  from  another.  We  do  not  aim  at  an  accuracy 
of  (dciaii  ■  such  as  would  he  required  for  estimates  for  'the  procurement  of 
specific  items  01  the  recruitment  and  training  of  personnel  to  he  used  in.  savi 
‘ft ext  year's  military  budget. 

Although  possible  changes  in  the  Inline  price  level  may  he  relatively  un¬ 
important  in  systems  analysis,  the  incidence  of  cost  from  year  In  year  may 
be  mi  important  consideration  in  programming  systems  into  future  force 
structures,  particularly  when  tight  ceilings  are  i-speeied  on  the  over-all  hudget. 
The  annual  incidence  of  cosis-  the  lime  phasing  of  costs  Iherefore  is  ah 
important  concept  in  our  cost  analysis  system.  Ii  is  not  always  sutlieienl  to 
desciihe  the  cost  of  a  system  by  means  of  a  Single  tiguie  repi eseniing  total 
expenditure  at  the  end  of  a  long  period  ol  veins.  Successive  annual  totals 
(sometimes  referred  to  as  cost  streams)  may  he  computed  I  dr  each  system 
under  consideration.  Comparing  the  future  cost  streams  ol  competing  systems 
is,  somewhat  mure-  difficult  hut  often  more  useful  than  comparing  simple 
'lump  sum"  costs. 

(  loscly  related  to  the  time-phasing  of  system  costs  is  the  concept  of  in¬ 
cremental  costing.  A  new  generation  <>i  weapon-,  car.  olten  use.  or  "v  m 
pari,  the  lacilities  created  lor  earlici  generations.  When  11-5 ?  s  came  into 
use.  many  existing  base  facilities  could  he  used  by  the  1 1  - h 2  wings.  In  cal 
.  ,,o  ,..r  I arii'i ii-s  loi  the  li- > 2.  ssslem,  U  was  therefore 

^  . . O 

necessarv  tx.)  include  only  ihe  additional  land  in  ibis  Case  relatively  small) 
expenditures  necessary  to  adapt  the  laeililies  lor  Ihe  new  use.  Inei omental 
costing  can  significantly  all-eel  choices  where  one  oi  the  competing  systems 
can  take  advantage  o!  existing  military  assets.  ; 

Until  recently  the  choice  among  weapons  was  a  somewhat  isolated  pro¬ 
curement  decision.  Hut  in  liie  last  decade  the  choices  and  the  problems  oi 
military  planning  have  become  much  more  inteiconnected.  Among  the 
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reasons  for  this  may  be  mentioned  the  increasing  rapidity  of  technological 
change,  the  greater  complexity  of  the  hew  systems,  the  length  of  time  required 
for  their  development  and  production,  and  their  greater  dependence  upon 
other  weapon  and  support  systems  within  the  same  service  and  in  the  other 
services  as  well. 

These  interdependences  are  recognized  in  the  kanl>  concept  of  total  activity 
cost.  Under  this  concept  a.  proposed  system  is  examined  in  terms  of  units 
of  combat  capability  placed  in  a  complete  operational  context.  In  the  Air 
Force  these  units  are  typically  wings,  squadrons,  or  sites.  For  a  B-52  wing, 
for  example,  costs  include  not  only  the  1  hardware”,!  personnel,  and  basing 
costs  easily  identified  at  the  wing  ievel,  but  .  also  the  costs  of  necessary 
supporting  activities,  such  as  u Air  Training  Command  replacement  training 
and  Air  Force  Logistics  Command  depot  maintenance  associated  directly  with 
the  B-52  system. 

From  what  has  already  been  said  about  the  significance  of  time  phasing  in  ,, 
systems  cost  analysis,  it  will  be  apparent  that  there  are  advantages  In  cleariy 
identifying  costs  as  they  occur  in  natural  time  sequence.  Before  a  pew  system 
can  he  procured,  it  must  he  developed,  and  this  involves  a  series  of  research 
and  development  costs.  When  the  new  system  is  adopted  and  is  being  in¬ 
troduced  into  the  active  inventory,  there  arc  expenditures  for  procurement, 
basing,  initial  training,  etc.  Finally,  there  are  annual  operation  expenses.  These 
natural  time  divisions  arc  identified  as  separate  categories  in  the  hand  costing 
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Estimates  of  the  total  cost  of  a  system  are  developed  by  a  process  of 
analysis  and  synthesis.  Major  categories  and  suheateg  >rios  of  resources  are 
identified  and  grouped,  and  their  dollar  costs  estimated  and  summed.  Subtotals 
are  developed  which  represent  the  estimated  system  costs  for  (1)  research  and 
development,  (2)  investment,  and  (3)  operation. 

These  three  major  categories  are  discussed  later.  At  this  point  it  need  only 
be  said  that  system  ;  cost  analysis  is  not  a  mechanical  operation.  It  requires 
judgment,  skill,  anil  objectivity  on  the  pint  of  the  analyst.  1  he  analyst  must 


take  particular  care  with  fi:use  t  ieiui  ins  of  co.,l  mat 
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to  differences  in  system  characteristics  oi  methods  of  operation,  for  these  ore 
often  the  key,  to  differences  in  total  cost  between  -competing  systems,  it 
should  be  emphasized,  loo,  that  the  primary  purpose  of  cost  analysis  is  com¬ 
parison:  to  provide  estimates  of  the  comparative  or  relative  costs  of  competing 
systems,  not  to  forecast  precisely  accurate  costs  suitable  for  budget  administra¬ 
tion.  Comparison  is  aided  by  consistency  in  method  J  by  ensuring  the  similar 
treatment  of  similar  ilpms  of  cost  in  different  systems.  ^Consistency  also  requires 
that  each  system  be  given  the  benefits  derivable  from  existing  assets. 

So  far  we  have  spoken  as  if  systems  cost  analysis  were  limited  to 
comparisons  of  individual  systems.  In  the  past  this  was  often  true,  although 
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what  has  already  hecn  said  above  about  incremental  costing  and  time-phasing 
of  costs  should  suggest  that  alternative  systems  cannot,  he  fully  compared 
without  taking  into  account  die,  other  systems  and  nonsysten;  elements  which 
constitute  the  existing  (or  projected)  “total  force  structure”. 

If  the  total  force  is  costed  both  with  and  without  the  addition  of  a 
particular  system,  the  difference  between  the  two  total  costs  is  the  cost  of 
the  system.  Here  the  comparison  of  costs  between  two  competing  systems 
is  a- comparison  of  the  additional  or  “marginal”  costs  incurred  in  each  case 
in  adding  the  new  system  to  the  total  force.  This  type  of  study  requires, 
therefore,  a  more  complete  and  profound  analysis  of  costs  than  is  necessary 
for  system  comparisons  carried  out,  as  it  were,  in  isolation. 

There  are  good  reasons  lor  regarding  cost  analysis  of  the  total  force 
structure  as  one  of  the  main  goals  toward  which  research  in  .  military  cost 
analysis  should  be  directed.  We  rely  on  and  pay  for  the  effectiveness  of  the 
total  force.  The  military  services  are  attempting  to  achieve  the  (host  effective 
over-all  "mix”  of  weapon  systems  and  other  systems  for  a  given  cost,  or  the 
r least  cost  for  a  given  total  effectiveness — in  short,  the  most  efficient  use  of 
nil  the  resources  which  the  nation -allocates  to  defense, 

From  this  point  of  view,  individual  weapon  systems  cost  analysis  is  an 
example  . of  what  is  called  lower-level  “suboptimization”  in  systems  analysis. 
It  is  the  seeking  of  efficiency  in  the  small,  while  total  force  structure  analysis 
aims  at  efficiency  in  the  huge-. 

It  must  he  admitted  that  there  are  difficulties  involved  in  carrying  out  the 
effectiveness  analysis  of  alternative  total  force  structures.  But,  even  if  the 
total  effectiveness  of  the  various  possible  combinations  nl  systems  should  be 
largely  a  matter  for  subjective  judgment,  it  is  still  imperative  to  know  what  the 
costs  aie  likely  to  he. 

15.2.  Cost  analysis  of  individual  systems 

This  section,  concerned  with  cost  estimation  for  individual  systems,  sim¬ 
plifies  the  problem  by  looking  ai  each  system  as  ii  it  were  more  or  less 
:  f.  -Xtl-IOT-  i-m-fttmp  tuMfk’rv  fho  f I\rr-p  ciriK'MirO  !<  .'ittCIltion 

MUIUltUa  l  »  V'U*  v/mw  ojoivlim  "  lfc“***  *'w*'tA*  *  w*.  -  - 

on  the -various  elements,  within  and  directly  related  to  the  system,  which 
must  be  taken  into  account  m  the  cost  analysis  process.  As  we'  have  already 
indicated,  this  is  but.  one  approach  to  the  cost  analysis,  of  an  individual  system. 
The  system  cost  nfiiy  also  he  derived,  throiignKotaj  force  cost  analysis,  as 
the  marginal  cost  involved  in  adding  the  system  to  force  structure  While, 
the  advantages  of  the  latter  approach  arc  more  apd  more  recognized,  it  is 


ii  See  C.  J.  Hitch  and  R.  N.  McKean,  The  Economic*  of  Dclen.se  ir  the  Nuclear 
f.,„  Uorinnl  T' 1 1 1  Off  1  si  t  V  I’feSS  f r.1  hl'l  ,  |  Pf  MllSS.,  19(50.  PP-  125  13.1. 
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not  always  possible  to  carry  oul  a  total  force  analysis;  ami,  if  a  quick,  gross 
comparison  of  several  rather  similar  systems  is  required,  the  total  force 
method  may  be  unnecessarily  refined  for  the  purpose.  Moreover,  many  of 
the  basic  methods  of  costing  tire  the  same  whether  we  look  at  isolated  systems 
or  aggregations  of  systems.  The  present  discussion  therefore  provides:  a 
foundation  for  l/xtal  force  cost  analysis. 

The  first  thing  an  analyst  must  do  is  to  make  sure  that  he  understands 
the  system  with  whieh  he  is  working.  He  should  begin  his  work  by  gathering 
sufficient  descriptive' material  and  data.  1  lie  degree  o!  detail  of  tnis  informa¬ 
tion  depends  upon  the  nature  of  the  system,  and  part  of  the  skill  of  the 
analyst  lies  in  selecting  and  seeking  .out  the  specifications  he  needs.  The  list 
in  table  15.1  is  typical,  and  gives  an  idea  of  the  Complexity  of  the  analyst's 
task.  Of  course,  many  of  the  specifications  will  he  uncertain  approximations, 
especially  for  systems  whose  operational  use  lies  far  in  the  future.  For  these, 
a  range  of  likely  values  should  Ink  obtained -rather  than  a  single  value. 


System  specifications  and  assumptions  (examples) 

I.  i’riiriary  equipment  specifications  (if  possible  by  major  components,  c  g...  airframe 
or  structure,,  propulsion,  guidance). 


A.  Performance  specifications 

1.  Examples  tor  airframes' 

a.  Speed 

b.  Combat  radius 

c.  Climb 

d.  Ceiling 

e.  Range  1 

f.  Load 

2.  Examples  Tor  electronics  ;; 

a.  Frequency- 

b.  Continuous  vs.  spasmodic  operation 

c.  Functions  to  tic  performed  and  speed  of  computation 

«J.  Accuracy  (e.g  ,  in  Cri o -  ot  deviation  over  lime  and/or  drill  rate, 
discrimination  capability,  etc.) 
c.  Jamabilily  1 

/.  Examples  for  engines 

a.  Rating 

b.  Specific  fuel  consumption 

c.  Operating  temperature 

H.  Weight  data 
C.  Other  physical  data 

1.  Examples  for  airframes 

a.  Sl'zc  data  (e.g.,  fuselage  length,  wing  area,  wing  span,  elc.) 

b.  Const  rue  l  ion  characteristics 

'  i'i  .  \ 

i.  -■>  i  '  .; 
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U)  Sheet  and  stringer 

(2)  Sandwich,  waffle,  elc. 

(3)  Foamed  metal 

(4)  Welded  vs.  riveted 

(5)  Castings,  forgings,  extrusions,  weldments,  etc. 

c.  Basic  metal  types  (wjlh  respect  to  items  in  b.  above) 

d.  Tolerances  (with  respect  lo  ileitis  in  b.  above) 

2.  Examples  for  electronics': 

a.  Vdliime  ••  ?  .  '■ 

b.  Type  of  construction  'technique  flubc.  transistor,  modular) 

c.  Number  of  tubes  or  ijlransisiors 

d.  Number  of  stages  ’ll! 
c.  Power  requirement  'ji1 
f.  Antenna  diameter  (fof  radars) 

D-  Who  the  nianufaclurcr  is  or  is  liliely  to  he. 

II.  Ground  suppoil  eqiiipiucni  specifications  analogous  to  those  listed  under  I. 

III.  Opei ational  concept  specifications  or' assumptions  and  related  matters. 

Examples  arc:  . ] 

A.  Force  size  ' 

15.  Geographical  deployment  (especially  overseas  vs.  /.i) 

C.  Dispersal  scheme  >■ 

D.  Activity.,  rates  ..  \ 

E.  Fixed  or  mobile  system  and  description  thereof 

F.  “Hard”  or  "soft”  syslcip,  and.psi  specification  if  hard 

C>.  Orgaui/ational  concept:  \ving,  ’  :n  pup  etc.,  and  number  of  sqirulronv,  per 
wing  or  gioup 

H.  Alert  capability  ami  lelaled  manning  concept  f. 

I.  Degree  of  system  automation.  slaled  by  function  if  possible,  in  relation  lo 
manning  and  GSF  requirements 

Number  of  yeais  the  .system  is  to  be  in  the  operational  inventory  <• 

K.  Training  concepts;  and  in  the  case  of  missile  systems:  ia)  tuimhcr  of  missiles 
,  "to  he  used  in  initial  training.  (Id  nuinbei  of  live  firings  for  "pi oliciency” 

training  purposes  per  year 

L.  Logistics  support  concepts,  especially  regarding  depot,  maintenance,  (amt 
depot,  or  contractor;.’),  is  thole  to  lie  a  “cent;  a!  support”  area'.1 

M.  Permanent  or  temporary  facilities? 

N.  Tenant  or  nontenant  operation'' 

O.  Main  aspects  ul  the  ilcvelopiui|inT program,  especially number  of  vehicles 
in  the  test  inventory.  • 

In  addition  to  the  inlormatioiiifin  such  lists,  the  afuiKst  needs  a  basic  Irattic 
of  leleicmr,  ('.ouM ;i  1 1  \  iinpiirnhldl  to  svsh*ms,  and  specifically  designed  fnr 

f 

coxl”aiuilysis.  In  out  experience, |l he  following  eharaelenslics  ate  desirable  in 
a  set  of  cwsi.  analysis  categories} 

H 

’  'i  .  .  ; 

I.  .Provision  slnm'Jtjl  be  imujc  for  segregating  total  cost  into]  file  three  major 
lime  phases:  F  i!; 

u.  research  and  development 
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b.  investment  (procurement  and  placing  in  operational  use),  and 

c.  operation  (cost  of  operation  over  a  period  of  years), 

2.  The  set  should  he  as  all-inclusive  as  possible  so  as  to  preclude  the  omission 
of  significant  elements  of  cost. 

3.  .  The  cost  categories  should  be  designed  in  a  way  that  will  facilitate  deter¬ 

mination  of  those  elements  of  the  system  that  have  the  greatest  impact  on 
total  cost,  and  that  arc  most  sensitive  to  changes  in  hardware  char¬ 
acteristics  or  variations  in  operational  concept. 

As  a  result  of  experience  wi,th  a  variety  of  analytical  schemes,  we  have 
developed  the  framework  of  cost  analysis  categories  given  in  table  15.2. 
Here,  various  cos)  elements  are  grouped  under  the  three  major  categories 
which  represent  the  phases  in  the  life  cycle  of  a  typical  weapon  system. 

Table  15.2 

Cost  analysis  categories  for  individual  systems 

I.  Research  and  development  costs  I 

A.  System  development 

B.  System  test  and  evaluation 

C.  Other  system  costs 

II.  Investment  costs 

A.  Installations 
It.  Equipment 

1.  l'liniaiy  mission 

2.  Specialized 
j  Other 

C.  Slocks 

1.  Initial  slock  levels  !: 

2.  r.qiiipmcuf  spates  and  spate  parts  (initial)  1 

D.  Initial  training 

E.  Miscellaneous  ? 

1.  Initial  transportation 

2.  Initial  travel 

j  Intermediate  and  support  major  command 

III.  Operating  costs 

A.  Equipment  and  installations  replacement 
! .  Primary  mission  equipment 

2.  equipment  ( 

3.  Other  equipment 
A.  Installations 

B.  Mniuti -natu-f! 

t.  1’rimary  mission  equipment  • 

2.  Specialized  equipment 

3.  Other  equipment  j 

4.  Installations 

C.  Pay  and  allowances  ::  ;> 
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D.  Training 

E.  Fuels,  lubricants  and  propellants  : 

1.  Primary ;  mission  equipment' 

2.  Other 

F.  Services  and  miscellaneous 

'  1.  Transportation 

2.  Travel 

3  Other  (including  maintenance  of  organizational  equipment) 

O.  Intermediate  and  support  major  command  operating  cost  (only  exceptionally 

included  in  cost  analysis  of  individual  systems) 

Figures  15.1  and  15.2  show  in  simplified  form  the  cost  history  of  a  typical 
weapon  system.  In  Fig.  15.1  the  costs  for  each  of  the  three  basic  categories 
arc  represented  by  smoothed  curves,  overlapping  somewhat,  but  typically 
displaying  successive  maxinmms.  Figure  15.2  shows  the  same  data  for 
successive  fiscal  years  in  a  bar  graph  on  a  slightly  different  scale.  The  height 
of  the  bar  shows  the  total  yearly  expenditure  for  all  three  categories. 

In  the  discussion  that  follows,  it  is  helpful  to  keep  these  figures  in  mind. 
Chronologically,  we  should  hegin  with  a  description  of  research  and  develop¬ 
ment  costs,  proceed  to  investment,  and  end  with  operating  costs.  However, 
because  of  the  very  nature,  of  research  and  development  activities  with  their 
iohg  lead  times  and  elements  of  uncertainty,  the  costing  of  this  category 
presents  special  difficulties,  (t  is  less  routine  and  more  speculative  and  draws 
heavily  on  professional  insight  and  judgment.  U  would  he  an  advantage  to  the 
reader,  if  in-  is  not  already  experienced  in  cost  analysis,  to  approach  the 
problems  of  research  and  development  costing  after  he  has  been  introduced 
to  investment  and  operating  costing.  This  is  the  plan  of  exposition  wc  have, 
adopted  here. 


Investment  Costs 

Investment  costs  are  those  one-time  outlays  required  to  introduce  a  new 
capability  into  dv  operational  force,  after  the  required  equipment  has  been 
developed  and  tested  to  an  acceptable  level  ot  reliability.  This  new  capability 
may  be  iep resented  by  a  new  weapon  system  or  a  modification  of  an  existing 
one — for  example,  a  new  air-lo-sui face  missile  introduced  into  an  existing 
strategic  bombing  system.  Investment  costs  are  also  generated  in  the  non- 
"'steins  part  of  1  be  Air  Force.  Initial  outlays  for  additional  pci  sonnet  facilities 
at  Headquarters,  sac  and  fob  a  new  warehouse  at  iui  Ail  Force  l.ogislics 
Command  depot  are  illustrations  of  such  investment  costs.  In  what  follows, 
we  shall  describe  each  of  the  investment  costs  listed 
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3  Space  limitations  preclude  discussion  of  how  costs  are  estimated  'in  each  of 
these  categories.  For  such  a  discussion,  see  David  Novick.  System  ,  and  Total 
Ferae  Cost  Analysis.  The  rand  Corporation,  RM-2695,  April  15,  1961;  Chapter  2,- 
from  which  much  of  the  above  material  has  been  quoted’  veibatim. 
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Insinuations.  Introduction  of  a  now  weapon  syslenl]  intq,  the  Aii  force 
inventory  usually  implios.  a  sulislanlial  investment,  -jn  installations.  I  his 
as  particularly  lino  if  additional  bases  have  to  he  const  metes').  Hut.  even  ii  a 
new  weapon  is  phased- up,  bn  an  existing  base  structure  sonic  investment  in 
facilities  is  usually  necessary.  Runways  may  have  to  be  lengthened,  latineh 
pai|s  constructed,  new  maintenance  shops  pmvided,  additional  peisomicl 
lacilities  built.  Whether  new  installations  are  constructed  or  L’Xisuriii  onus 
modified,  the  costs  arc  included  under  the  heading  of  installations.. 

A  good  starting  point  for  detailing  the  elements  of  this  category  is  the  Air 
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Force  nomenclature  for  real  property1,  with’  which  the  military  cost  analyst 
should  make  himself  thoroughly  familiar.  The  main  headings  are  listed  in 
Table  ITT 

Tablu  ! 5.3 

basic  property  nomenclature 

•:  Operational  facilities 

An  held  pavements  ■* 

Fuel  dispensing  facilities 
Communications  and  giavigalumal  laciiiiics 
l  and  nperalional  facilities 

!  i,' 

Training  facilities  j  ; 

t  raining  buildings  ./i 

'training  ranges  and  drill  fields  '  ••  'l 

11  .  *)» 

Maintenance  facilities  ■' 

Aircraft  y 

Guided  missiles  ■ 

Autoinotive  a 

Weapons 

Ammunition 

lilcciroiiies  and  conununiciuioris 

Other  •  : 

Supply  faeili'ics 

Liquid  fuel  sli.il  age  4 

Aiiimiinilion  storage 
Cold  storage 
Covered  storage 
Open  storage 

Hospital 'and  medical  facilities 
,  Hospital  buildings 

i  alioiatorics  and  clinics 
Denial  clinics 

Dispensaries  .i  . 

AdministratF'e  facilities  ^ 

,i  Administrative  buildings 

Administrative  structures,  underground 
i  Other  '  j' 

Thmdnu  and  community  facilities. 

Fasnsly  1  ?  •  s1.  i  s: ;  r? 

Troop  housing 

*’i  Air  Force  Manual  no.  93  T  it  cat-  Property'  Standard  Codes  and  Nomenclature, 
July!  1.  i960. 
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Community  facilities 

Personnel  support  and  services 
Morale,  welfare  and  recreation  (interior) 
Morale,  welfare  anu  recreation  (exterior) 

Utilities  and  ground  improvements 
Electrical  facilities 
Heating  facilities 

Sewage  and  refuse  facilities  ‘ 

Water,  facilities 

anu  aiUCWUlW 

Railroads 

Ground  drainage  and  fencing 
Fire  and  oilier  alarm  systems 
Miscellaneous  facilities 

Land  „ 


Equipment.  Expenditures  for  equipment  arc  often  the  largest  of  all  the, 
investment  outlays  in  dollars  required  to  establish  a  new  Air  Force  combat 
capability.  An  extremely  wide  variety  of  equipment  is  needed-  -varying  front 
missiles,  mission  aircraft,  and  prime  radars  and  the  associated  ground  support 
equipment,  to  stoves  and  tables  used  in  mess  halls. 

Our  procedure  summarizes  the  initial  equipment  costs  for  a  combat 
squadron  under  the  following  main  categories:  (1)  primary  mission  equipment, 

.  (2)  specialized  equipment,  and  (5)  other  equipment.  Investment  in  equipment 
for  the  direct  suppoit  of  !.ho  system  at  the  support  majwi  command  level  is 
included  in  the  miscellaneous  category  It  E. 


The  primary  mission  equipment  category  represents  the  initial  cost  of  the 
primary  mission  equipment  assigned  to  combat  organizations.  It  includes  the 
total  cost  of  the  equipment  itself  (including  all  government-furnished  equip¬ 
ment),  but  excludes  initial  spares  and  spare  parts.  These  latter  items,  although 
procured  along  with  the  equipment,  are  accounted  for  under  stocks  (category 
II  C).  Since  the  unit  cost  of  any  particular  item  of  equipment  depends,  to 


a1  considerable  extent,  upon  the  number  ol  items  producer 


ti,. 


one  t_ 


natini 


process  for  primary  mission  equipment  must  be  an  integrated  one  embracing 
not  only  the  deliveries  of  equipment  lo  the  combat  organization,  but  also 
items  of  equipment  accounted  for  in  other  cost  categories.  I 'he  kanu  procedure 
therefore  provides  for  simultaneous  estimation  of  the,  cost  of  the  equipment 
assigned  to  various  cost  categories,  such  as  research  and  development,  primary 
mission  equipment,  support  major  command  investment,  initial  training  (lor 
missiles),  equipment  replacement,  anti  annual  training.  Usually,  equipment 
cost  estimates  are  built  up  by  summing  the-  costs  of  major  components  by 
cost  element  for  each  component.  Examples  of  major  component  structures 
are  given  in  Table  15.4,  and  cost  element  structures  in  Table  15.5. 
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Table  15.4 

Equipment  components  (examples. 


Component  structure  for  a  ballistic  missile 
(or  similar  aerospace  vehicle) 

Airframe 

Structural 

Leading  edges 

Body  skin  (including  tankage) 
Structural  members  (frame) 
Sub-systems  (electrical) 

Controls  (electromechanical)  _ 

Power  riant 
Liquid  rocket 

I’urnp  drive  assembly 
Turbo-pump 
Ga-s  generator 
Thrust  chamber 
Propellant  lines  and  fittings 
Vernier  and  exhaust  system 
Frame  or  mounting  structure 
Accessory  powei  supply 
Solid  rocket' 

Casing 

Nozzle 

Propellant  ; 

Guidance  ; 

Inertial 

Inertial  measurement,  unit 
Platform 

Accelerometers  ;  ■■■■  • 

i- 

Gyroscopes  - 

■Computers 

Control  central  fit.  associated 
electronics 
Radio  command 

-I 

(j 

Beacon;. 

Antenna 
Payload 
Nose  cone 
Shell 

Arming  and  fuzing 
Warhead  “ 

Component  structure  for  a  prime  radar 

Antenna  and  wave  guide 

Transmitter 

Modulator 

Pulse  compression  equipment 


Receivers 

Powei  'supply  equipment 
Miscellaneous  -.i 

Velocity  filter 

Moving  target  indicator  group 

Cabling 

Other 

Component  structure  for  n  bomber  aircraft 

Airframe 
Wings 
Fuselage 
Empennage 
Miscellaneous 
Propulsion  system 
Electronics 

Bombing  navigation  &  missile  guidance 
system 

Llclenso  electronics  system 
Mission  and  traffic  control  system 
Other 

Offensive  missile  (ASM) 

Aii  frame 

Propulsion 

Electronics 

Defense  missile  (if  any) 

Miscellaneous 

Component  structure  for  fighter  aircraft 

Airframe  11 

Wings 
Fuselage 
Empennage 
Miscellaneous 
Propulsion  system 
Electronics 

Lire  control  system 

Mission  and  traffic  control  system 

Giber 

OAK  or  other  type  of  missile 
Airframe 
Propulsion 
Electronics 
Miscellaneous 
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Cost  elements  of  equipment  coinponenis 
(Applicable  generally  to  items  of  major  equipment) 


M  anufacliirmg 
Direct  labor 
Material 

Raw  .materials 

I). .  r/tk.i . 1 

i  di^ud.^U  |il<iiiS 

oiluiOnirdi'lcu  i ifriiiS 

Manufacturing  overhead 
Fixed 
Variable 

wilin i> 

Direct  labor 


Material 

’'vecheail 

Production  engineering 
Diieet  labor  . 

JVI tilt  1  1,11 

A  ,  i  .1 

> V L‘ l  UCcU.1 

Fnginccring  changes:  . 

Publications 

General  and  adminislrative  expense 
Profit 

Industrial  facilities  (if  required) 


The  specialized  mniipnicnt  category  includes  items  of  support  equipment 
which  are  specialized  to  the  primary  mission  equipment.  For  many  future 
systems  (especially  ballistic  missile  and  satellite  systems)  the  eosl  of  specialized 
equipment  may  he  large.  In  some  eases,  it  is  already  the  largest  single  clement 
in  system  investment  cost.  Because  of  the  natuie  of  specialized  equipment,  its 
components  vary  considerably  from  one  system  to  another.  Three  e.vmivplc.s 
arc  given  in  Table  I  5.6. 


Tmii.i  15  6 

Specialized  equipment  (examples) 

1.  For  a  ballistic  missile,  system: 

Launching 
Missile  handling 
Control 
Checkout 

Power  and  prcssuri/aiioii 

Cabling  and  commnrTicalions 

Special  transport  "vehicles  (mobile  sodom;  only) 

Special  maintenance  equipment 

Special  simulation  equipment  (lor  iraimng  purposes) 

2.  For  a  satellite  reconnaissance  system: 

Launching 
Checkout 
'  draining 

Readout  J 

Maintenance  /; 

Communications  tie-in  network 
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7.  For; 'a  high-performance  fighter  aircraft  system: 

'L  ' 

.Aircraft  servicing  equipment 
■‘Special  trucks  and  trailers 
^fissile,  servicing  equipment 
Special  maintenance  and  test  bquipment 
'..Specialized  simulation  equipment 

The  cost  of  ail  initial  equipment  not  included  in  the  two  previous  categories 
is  included  under  the  heading  oilier  ctjtiipineni ,  This  category  contains  such 
items  as  tactical  unit  support  aircraft  (if  bought  from  current  production), 
genera!  purpose  vehicles,,  construction  equipment,  nuuerials-ljaiidling  equip¬ 
ment,  general  purpose  communications  anil  test  equipment,  mess  hail  equip¬ 
ment.  special  living  clothing  and  similar  individual  equipment,  and  general 
purpose  maintenance  equipment. 

Storks-.  The"  continuing  and  elTectivc  operation  of  a  system  is  ill  large 
measure  dependent  on  the  ready  availability  of  certain  supplies.  Air  Force 
combat  and  support  organisations  must  have  on  hand  supplies  of  fuels, 
lubricants  and  propellants,  maintenance  supplies  and  parts,  spare  aircraft 
engines,  etc. 

The  costs  incurred  in  establishing  these  initial  inventories  at  the  time  a 
combat  unit  is  formed  are  included  under  the  'investment  eategorv  called 
stocks.  Kano's  concept  of  stocks  is  a  broad  one.  The  term  is  defined  to  mean 
not  only  initial  inventories  on  hand  with  'die  combat  unit,  hut  also  the  unit's 
pro  rata  slime  of  supplies  ai  the  Air  Force  I  ogisiics  Command  depots  and 
the  supplies  in  the  pipeline  trom  manufacturing  plant  to  depot.. 

For  convenience  in  computation  and  presentation,  the  category  has  been 
broken  down  into  two  subcategories:  initial  stock  level  of  supplies  and  fuels, 
and  equipment  spares  and  spare  parts. 

Initial  training,  I  liese  costs  cover: 

1  Formal  training  necessary  to  bring  each  man  up  to  the  level  of  .skill 
required  for  his  occupation  with  the  new  system.  This  includes  direct  costs 
(pay  anil  allowances  of  students,  pay  and  allowances  of  instructors,  etc.), 
indirect  costs  (pm  rata  share  of  pay  and  allowances  of  support  personnel, 

'I  base  suppoit.  costs,  training  command  overhead,  etc.!,  and  pro  rata  share 

i  of  depot  maintenance  costs  for  courses  Using  trainer  aircraft, 

I  2.  Missiles'i consumed  in  live  .firings  dining  the  initial  training  of  personnel 
itfor  a  new  weapon  system.  I  fie  cost  oi  i ii esc  missiles  is  uniijiutcd  by  the 
integrated  primary  equipment  costing  method  referred  to  previously. 

Miscellaneous  investment.  This  category  includes  the  following  items: 

I.  Initial  transportation:  the  cos!  o!  transportation  of  all  initial  supplies  and 
1  equipment,'  except  aircraft  and  materials  used  in  construction  of  base 
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facilities.  Aircraft  arc  assumed  to  be  transported  under  their  own  power, 
and  construction  cost  factors  used  to  compute  thfi  initial  cost  of  installations 
include  an  allowance,  for  first-destination  transportation. 

2.  Initial  travel;  the  cost  of  transporting  personnel  and  their  dependents  to 
the  operating  bases  when  a  system,  is  phased  in  to  the.  active  force. 

3.  Intermediate  'and  support  major  command  investment  cost:  investments 
made  at.; the  intermediate  and  support  major  command  level  which  can 
be  specifically  identified  with  the  particular  system  under  consideration. 
Examples  arc  the  following: 

Tho  initial  cost  of  simulation  equipment  (including  initial  spares)  to  be 
used  by  the  Air  Training  Command  in  direct  training  support  of  a 
given  system. 

The  initial  cost  of  primary  mission  equipment  (including  initial  spares) 
to  be  used  by  the  Air  Training  Command  in  direct  training  support  of 
a  given  system  (for  example,- the  F-  102  s  •assigned  to' tne  Arc  to  support 
the  F-102  program,  both  for  initial  and  replacement  training). 

Investment  in  new  equipment  and/or  facilities  at  Air  Toice  Logistics 
Command  for  depot  maintenance  support  of  a  given  system. 

! 

Operating  Cost 

Operating  costs  are  those  requiting  annual  outlays  needed  io  operate  and 
maintain  USAF  activities  after  they  have  been  initiated  into  service. 

Our  analysis  deals  with  these  costs  in  tin;  major  categories  discussed  below. 

Equipment  and  installations  replacement.  litis  caicgoiy  includes  the  cost 
of  annual  attrition  of  piiimuy  mission  equipment,  the  annual  replacement 
cost  of  specialized  and  “other”  equipment,  anil  the  outlays  for  replacement 
(in  kind)  of  worn-out  base  facilities. 

.1 

Maintenance.  Here,  wc  accumulate  the  cost  of  maintaining  the  primaiy 
mission  equipment  (including  depot  maintenance),  the  specialized  anil  “oilier” 
equipment,  and  the  outlays  required  foi  materials  and  contractual  services 
for  maintenance  of  base  raciitues.  (Hay  of  military  pcisomici  engage. i  it! 
maintenance  activities  at  the  base  level  is  not  included  here,  hut  is  accumulated 
under  the  pay  and  allowances  category.) 

Fay  and  'allowances.  This  category  includes  basic  pay  (including  longevity), 
cash  subsistence  allowances,  cash  quarters  allowances,  general  ollicrr  personnel 
money  allowances,  hazard  pay,  maintenance  clothing  allowance,  overtime  a'nd 
cost-oi;rliving  allowances  for  cjvilian.s;  dislocation  allowance,  retirement  deduc¬ 
tions,  and  income  taxes  withheld,  plus  a  supplemental  cost  which  includes 
lump-sum  payments,  fica  charges,  ‘Subsistence,  permanent  change  of  station 
travel,  anu  temporary  duty  travel  for  military  personnel. 
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Training.  Annual  training  cost  is  made  up  as  follows. 

1.  The  cosi  of  naming  replacements  for  personnel  leaving  an  Air  Force  unit 
because  of  discharge,  resignation,  return  to  inactive  status,  etc. 

2.  The  cost  of  any  missiles  and  fuel  consumed  in  periodic  live  firings  for 

t  training  purposes.  (Missiles  are  costed  by  the  integrated  procedure  previously 
i  described.)  . 

Fuels,  lubricants,  and  propellants.  The  annual  cost  of  fuels,  lubricants  and 
propellants  for  the  primary  mission  equipment  .and  unit  support  aircraft  is 
accumulated  under  this  category. 

\ 

Services  and  miscellaneous.  This  category  includes  a  large  number  of  small 
items  of  operation  cost,  the  aggregate  of  which  is  typically  a  small  proportion 
of  the  total  annual  operation  cost  for  a  weapon  or  support  system.  Since  the  ; 
aggregate  cost  is  relatively  small,  it  is  estimated  by  major  component  only, 
using  gross  estimating  methods.  The  major  components  are: 

'  I 

1.  The  annua!  cost  of  transporting  to  the  base  the.  replacement  ^equipment  and 
the  supplies  consumed  during  that  year. 

2.  The  annual  cost  of  transportation  of  military  personnel  and  dependents 
incident  to  normal  peacetime  turnover. 

V  Other  services  and  miscellaneous  operating  costs,  including  the  cost  of 
materials,  supplies  and  contractual  services  foi  such  functions  as  base 
administration,  flight  service,  supply  operations,  food  and  medical  services, 
and  o», oration  and  maintenance  of  organizational  equipment. 

Research  and  Development  Costs 

According  to  the  logic  of  our  division  of  costs,  this  category  must  include 
all  costs  necessary  to  bring  a  system  to  the  point  where  it  is;  available  for 
introduction  into  the  active  inventory.  We  have  employed  this  comprehensive 
.definition  since  our  initial  clforts  in  the  late  torties  and  early  fifties  To  avoid 
confusion  it  should  be  pointed  out  that  in  the  past  this  usage  has  been 
considerably  broader  than  some  of  the  specialized  meanings  conventionally 
associated  with  the  phrase' in  an  Air  Force  context. 

Through  1957,  for  example,  lire  Air  Force  funded  dzwHoninciil  aircraft 
and  test  missiles  as  items  of  production  hardware  rather  titan  R,  &  O.  Test 
facilities  were  funded  out  ol  general  installations  money,  much  of  test  site 
maintenance  out  of  base  operations,  and  a  number  o!  smallei  dements 
currently  classified  as  items  of  R&l)  by  the  Air  f  orce  were  funded  elsewhere. 

T  hus,  in  1957,  while  rand’s  broader  definition  of  It  &  t  >  totaled  about  $  .1 
billion,  the  Air  Force's  narrower  usage  showed  a  $  m>o  700  million  figure. 

Since  1957,  the  Air  Force’s  definition  of  R  ■&  1)  has  expanded  to  where¬ 
'll  now  includes  all  the  incremental  costs  required  to  accomplish  a  given 
R  &  D  program,  except  military  personnel,  and  some  1<&D  base  installation 
costs.  Thus  for  fiscal  year  i9G3  the  1<  &  D  expenditures  as  defined  by  the 
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Air  !  i >ivo  totaled  some  $  S.(r  billion  aiul  raniA-  some  S  4..'’  billion  lor  tile 
same  year. 

(oiicurront  will)  mereased  spending  for  researeii  and  development,  I  In: 
si/e  of  operational  forces  has  tended  to  decrease.  Thus,  us  a  proportion  of 
total  weapon  .system  cost,  research  ami  development  has  taken  on  a  new 
importance.  In  addition,  an  increasing  number  of  weapon  systems  are  either 
developed  ami  never  put  to  operational  use  (for  example;- Navaho  and  Cioo.se) 
or  phased  out  after  very  limited  operational  procurement  (for  example.  Snark 
and  Jupitei).  1  be  increasing  length  of  time  required  foi  weapon  development, 
the  ucccleialed  Kite  of  technological  progress,  aiid  the  nature  of  our  competi¬ 
tion  with  tire  .Soviets  "nave  all  contributed  to  unexpectedly  early  project 
termination. 

'i  lie  implications  for  military  budget  management  and  programming  ate 
clear.  Better  ami  longcr-vange  research  and  development  cost  estimates  are 
needed  both  ior  evaluating  individual  weapon  system  proposals  and  for 
estimating  the  funding  requirements  of  projected  total  force  structures. 

A  word  of  caution  is  in  ('tiler  at  this  point.  I  he.  nature  of  research  and 
development  makes  the  cost  estimating  task  a.  dilliciilt  one.  1  ho  existence  ot 
a  research  anil  ilevelopmenl  program  itself  implies  that  a  proposed  system 
is  expected  to  have  a  previously  iinattained  per 'I’m  mango  level  or  a  combina¬ 
tion  of  properties  never  beiine  incorporated  in  a  single  system.  Its  lirial 
configuration  and  pci  haps  even  i>>  smvcxsl  ill  development  are  uncertain. 
r|n-  design,  the  methods  of  fabrication,  and  the  manpower,  mnlciinl.  add 
facility  requirements  cannot  be  described  precisely  at  the  time  a  piojecl  is. 
sla/'tcil.  All  these  umvrlainties  indicate  the  need  for  analysis  in  produce,  not 
a  single  figure,  hut  a  range  ot  rcanmable  values. 

Table  I  S.7  displays  the  major  categories  used  at  kani>  lot  analysis-;  of 
teseareh  and  development  costs,  flic  slcjael m e  shown  is  intended  lor  systems 
built  atotiml  an  aerospace  vehicle,  but  it- is  adaptable  for  electronic  command 
and  control  and  oilier  support  system's.  Basically,  the  table  distinguishes 
between  system  costs  ((  ategories  I.  II. 'a nil  111)  and  nonsystem  costs  ((.  alcgory 
IV)  I  In  i a. I li.'r  lie  do. ill  with  ns  part  !'nf  total  fnrc.e  cost  analysis 

I  A  ill  i'  15. 7 

y 

Research  ami  development  cost  catejjoi  ievs 

I.  S \slcm  ifcvcioptncJit 

A.  F'lclmiiiiai  y  s'ndy  and  design 

h.  Design  enginevi  i n li:  'the  scientific  aiul  onemeu  u.i;  so  \  j'Ces  .cond'ictcd  within. 
;i  eonli  actor's  own  facilities,  including  development  testing  ot  subsystems 
and  combinations  ol  subsystems  !-oi  a  ballistic  missile  development  piue.ram 
this  includes  desigij  and  development  work  on  all  subsystems  together 
with  special  insrnun.cniahnn  and  pround  -.eejuipment  tor  launch,  .  clic’jir k oi 1 1, 

ill  "  |- 
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uml  control.  Wind  tunnel,  structural,  environmental,  and  reliability  tests 
may  be  needed 

C.’ Hardware  fabrication:  breadboard  models,  mockups.  and  special  test 
\  articles;  special  jijts,  dies,  fixtures,  and  other  tooling  required  primarily  for 
■!  development  and  development  testing  ... 

II.  System  lest  and  evaluation 

A.  Vehicle  fabrication:  the  complete  system  produced  for  the  test  inventory; 
equipment  spares;  and  pm  rata  shares  of  new  industrial  equipment  and 
facilities  required  for  plant  expansion 
R.  Captive  tc-'-i  operations 

C.  Flight  lest  operations:  including  fuels  and  propellants  used,  data  reduction, 

analysis,  and  reporting  ■ 

D.  Test  equipment:  such  as  launchers,  checkout  consoles,  handling  -devices,' 
guidance  and  computer  systems'  for  use  at  test  sites;,  instrumentation:  and 
equipment  spares 

li.  Installations:  design  and  construction  of  test  facilities  j 

HI.  Other  system  and  devcloinnent  costs  j 

A.  Depot  maintenance  and  supply,  support  ,  .1 

B.  Miscellaneous  1] " 

IV.  Hvxfmrvl  i  and  olitai  nunsystelii  mil  cities  (used  in  total  force  cost  analysis) 

i 

15.3.  Cost  .ANAt  vsts  ui  iovai  I  out  i:  :->irc<  itiut.n 

In  our  discussion  of  cosl  analysis  for  individual  systems,  uc  have  already 
touched  on  problems  that  required  the  parlicnlai  sysient  to  he  liealcd  in 
relation  to  oilier  systems,  and  nonsv.slcm  acidities  A  new  svslem  may  use 
base  facilities  nhc.idv  in  being.  It  mav  ctnplov  personnel  already  trained,  and 
it  may  embody  the  results  of  basic  and  applied  icscujfeh  cairieU  mil  by  the 
Air  bone  vviilmnl  icfeirnee  to  specific  systems.  In  this  section.  \ve  lake 
these  relationships  explieillv  into  account 

In  its  more  general  ,tiensc.  total  I  nice  cost  analysis  rcfcis  to  the  costing  of 
inaDV  dilbaiai!  ‘'mixes  or  combinations  of  systems  and  nonsyslem  activities, 
so  that  tlie  total  costs  » >f  various  real  or  hypothetical  loin:  structure's  can  he 
"comp;'. red.  In  addition  to  its  inclusive  charade!,  total  toree  cost  analysis 
.!  empliiisi/es  the  specilic  timing  of  requirements  for  funds  and  other  resources. 
In  its  mole  limited  si  use,  lo!;h  l’ori‘t*  cost  analysis  releis  to  the  costing  of 
puvnciiln)  systems  in  the  context  yd  a  force  structure1  otherwise  more  or  less 
lived;  I  he  eosi  ol  a  system  thus  becomes  ;  marginal  c  ost  dhe  change  m  the 
total  :'eosl  caused  bv  the  addition  ot  tin  system  to  the  loivc  jsjtfUC.turc. 

!  'r.i 

i; 

!  (in  tl  t  '-niiposiiii’n  and  A  •;\nmptiiin.s 

Total  force  composition  is  expressed  in  terms  ot  the  number  ol  squadrons 
(nr  i  other  appropriate  unit)  at  the  end  ol  the  fiscal  year  for  each  o!  the 
weapon  and  support  systems  making  up  the  total  structure.  As  m  individual 
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system,  cost  analysis,  a  prime  objective  is  to  identify  with  each  system  the 
costs  of  a!!  the  activities  generated  by  it. 

Physical  specifications  of  systems,  numbers  of  squadrons,  etc.,  arc  only 
part  of  the  data  required.  In  addition,  there  is  the  kind  of  .information  referred 
to  earlier  as  concept  specifications  or  “assumptions”.  Differences  in  assump¬ 
tions  (for  example,  about  live-firings  in  missile  training)  can  lead  to  very 
large  differences  in  cost  estimates.  Assumptions  include  information  about 
concepts  of  system  deployment,  training,  and  operation.  In  total  force  analysis, 
they  also  include  relevant  information  about  nii|sion  and  Air  Force  organiza¬ 
tion  and  policies.  Thus,  in  dealing  with  the  total  force,  the  analyst  must 
draw  upon  a  much  wider  universe  of  information  than  for  individual  system 
cost  analysis  carried  out  in  isolation. 


Incremental  Costing  and  Long-Term  Programming 


Total  force  cost  analysis  aims  at  incremental  costing  in  its  fullest  sense. 
The  availahilify  of  existing  resources  is  taken  into  account  in  estimating  the 
additional  resources  required  to  add  a  new  system  to  the  force.  C.hangcs  in 
the  existing  force  Structure  (for  example,  the  phasing-out  of  a  weapon  system) 
may  make  resources  available  for  new  systems  being  phased  in.  These 
resources  may  be  of  any  kind,  but  especially  important  are  trained  or  partly 
trained  personnel,  and  installations  and  equipment  usable  directly  or  after 
modification.  In  total  force  cost  analysis,  all  resources  arc  taken  into  account 
simultaneously  as  we!!  uj-  all  the  systems  and  other  activities  w,hich  ate 
competing  for  these  resources. 

Figure  15.3  illustrates  this  principle  in  the  simple  case  of  two  systems 
which  (we  will  assume)  can  make  use  of  the  same  bases,  crews,  and  other 
resources.  B-47  squadrons  arc  part  qf  the  existing  force,  and  B-58  squadrons 
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are  being  phased  in.  Figure  15.3a  shows  three  hypothetical  patterns  of  B-47 
phasing.  Curve  A  corresponds  to  a  constant  number  of  B  -17  squadrons  during 
the  whole  period  under  consideration.  Curve  B  corresponds  to  a  gradual 
phasc-out  of  B-47’s,  and  curve  C  to  a  rapid  phase-out.  The  curve  at.  the 
bottom  of  the  chat l  lepiesents  a  hypothetically  programmed  phasc-in  of 
B-58’s. 

Figure  15.3h  shows  the  associated  time-phasing  of  investment  costs  for 
the  B-58  system.  Curve  a  (corresponding  to  curve  A)  is  the  upper  limit  of 
costs,  with  all  bases  having  to  be  built  from  the  ground  up,  all  personnel 
haying  to  he  trained  from  the  beginning,  etc.  Curve  b  illustrates  costs  with 
B-47  bases  available  for  mollification,  but  crews  requiring  full  training.  Curve 
c  illustrates  costs  with  maximum  carryover  of  resources'  bases  available  for 
modification  and  crews  requiring  only  transitional  training.  Aircraft,  ground 
equipment,  and  stocks  are  therefore,  the  main  elements  of  cost  represented 
by  curve  c.  * 

Total  force  cost  analysis  provides  for  incremental  costing  by  establishing  a 
framework  within  which  all  the  resources  available  and  the  needs  of  the 
various  systems  can  be  considered  simultaneously  at  successive  intervals 
of  time. 

In  practice,  the  fiscal  year  is  the  unit  of  time  employed,  and  estimates  are 
developed  for  caejt  fiscal  year  of  the  programmed  period.  The  period  consid¬ 
ered  is  usually  a  long  one  five  or  ten  years  or  more-  -  because  of  the  long 
“lead-time”  required  tor  the  development  and  procurement,  ot  modern 
systems.  !t  now  takes  some  five  to  ter,  years  or  more  to  move  from  idea  to 
operational  hardware5.  I  .ong  range  planning  and  programming  of  systems 
must  therefore  take  such  periods. into  account.  In  the  A.ir  Force,  long-range 
plans  and  programs  often  cover  a  period  of  ten  years  or  more. 

Mission  and  Other  Levels  of  Cost}) Analysis 

Between  the  individual  systems  on  the  one  hand,  and  the  total  force  on 
the  other,  we  may  distinguish  an  intermediate  grouping,  that  of  the  major  „ 
missions  of  the  Air  Force:  strategic,  defense,  and  tactical.  Certain  nonsystem 
activities,  such  as  sac  Headquarters,  which  are  closely  identifiable  with  a 
major  mission,  are  combined  with  the  appropriate  weapon  systems  to  make 
up  the  total  cost  of  the  mission. 

Noiiinission  activities  such  as  those  pails  of  support  major  commands  (Air 
Force  Logistics  Command  and  Aii  Training  Command,  for  example)  which 
cannot  he  allocated  to  systems;,  or  missions,  are  also  analyzed  and  the  costs 
estimated.  Thus,  totals  are  provided  for  each  weapon  or  support  system, 

‘  - 

5  See  David  Nnv’ck,  Lead-Time “  in  Modern  Weapons,  The  rand  Corporation, 
P-1 240, -December  z6,  1957. 
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for  each  mission,  lor  all  nonmission  activities,  and  fo'r-i 
a  whole.  Total  force  cost  analysis  also  makes  possible  the. 
of  costs,  in  order  to  provide  subtotals  for  specialized  siip.’t- • 
as  logistics  and  training,  and  for  the  major  budget  seried. 
“programs”. 

Users  of  cost  estimates  frequently  have  need  of  analyse- 
level  or  other  level  or  grouping  below  the  total  force,  big 
schematically  the  relation  between  such  an  analysis  and  tilth 
analysis  which  is  its  context.  In  some  cases,  a  suitable  total  fol 
will  be  abeaily  available,  so  that  the  lower-level,)  analysis  may  j* 
by  selection  and  cross-classification.  But,  if  a  suitable  total  fob 
is  not  available,  both  the  portion  of  the  force  under  study  a->  ■■ 
of  the  tojal  force  are  "specified  and  extended  for  several  veal 
period  under  study. 


Sensitivity.  I  inieline.s.s.  and  Clarity 

In  emphasizing  their  ii:cliisivn>-ss,  wr  should  not  lose  sight  of  >. 
total  loree  costing  methods  must  be  sufficiently  refined  to  rcnlcr 
implications  of  significant  changes  m  slruclurc.  I  liese  changes  aifc.y 
materiel:  very  inipnrinnt.  are  changes  m  the  nssumplKHis  about  d 
dispersal,  aieit  status,  activity  rates,  training,  manning,  logistics,  \ 
-s&iTsitivitv  is  required,  it  cannot  jrnz  bought  at  the  price  ui  hn  extreme'! 
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5/s.  For  one  filing,  gjfea;. .detail  is  impossible  lor  estimates  cMemling  live 
3  years  into  the  future.  Fpr 'another.  too  much  detail  will  slow  up  the 
i:<; i  ot  the  analysis  and  nVak,.;  it-  impossible  to  provide  estimates  whdn 
(tre  most  needed.  A  method  ,o(  analysis  that  requires  two  or  three  months 
ijejjlation  of  ;i  single  cost  bslinintr  is  inadequate  for  most  Air  Force 
t|  What  should  be  aimed  at  is  a  method  that  will  jenable  the  analyst  to 
-jfCc  estimates  within  a  much  shorter  time  and' that  will  enable  changes 
•f'Cady  costed  force  structures  to  he  estimated  in  a  day  or  two. 
jhplilicalion  and  mechanization  are  important  aids  to  rapid  estimation, 
post  mode!  must  he  simpler  than  the  real  world  if  procedures  are  not 
! encumbered  by  the  mass  of  detail  involved  in  ti  force  structure  calcuia- 
■On  the  other  hand,  loo  great  simplification  will  result  in  cost  models 
insensitive  lor  meaningful  use.  The  solution  is  to  he  found  in  generalized 
estimating  equations  ami  statistical  lochnimies  rather  than  in  ;i  mechanical 
kkeeping "  approach,  liven  so,  a  great  deal  of  bookkeeping  and  detailed 
Oation  is  involved,  and  a  high  degree  of  mechanization  is  required.  For 
■purpose  a  large-memory,  highspeed,  digital  computer  is  employed  at 
in 

he  computer  printouts  provide  a  wealth  of  information  which  must  be 
diarized  and  presented  in  a  suitable  manner.  From  the  beginning,  the 
hods  used  should  aim  at  the  production  of  results  significant  in  them- 
ps  anti  easily  inlcrpretahle.  ip i mates  should  he  accumulated  in  a  way 
facilitates  presentation  in  terms  til  liscal  years,  missions,  systems,  appro 
id  on  costs,  and  cost  categories  and  inch  principal  elements.  So  important 
he  method  ol  presenting  results  that  ye  have  devoted  a  section  to  it 
Oil. 

}/  Categories  Reconsidered  •' 

jji  total  force  cost  analysis  the  basic  cost  categories  used  are  the  same  as 
,&e  described  previously  for  individual  weapon  systems,  and  the  costing 
Strhcategories  is  carried  «“it  in  very. much  the  same  way.  Some  differences 
jy  exist  because  of  the  greater  use  of  electronic  data  processing  in  total 
pe  cost  analysis,  but  the  principles  are  the  same.  Many  of  the  key  inputs 
'ihand-calculated,  however,  ami  the  computers  only  “hookkeep"  the  results, 
ftp  to  a  point,  the  total  lorce  cost  is  ail  aggregation  of  the  costs  of  individual 
Jems,  calculated  to  take  into  account  integrated  procurement  and  inter- 
kvions  among  systems.  In  addition,  total  force  cost  analysis  takes,  into 
fount  and  provides  cost  estimates  tor  Ltie  elements  of  supporting  system's 
If  nonsystem  activities  which  do  not  enter  directly  into  system  costs.  We 

c  ,  >. 

r-  The  computer  program  cannot  be  discussed  here.  For  a  description,  see 
y’ick,  op.  cit.,  pp.  76-93. 
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will  discuss  these  here,  following  the  pattern  outlined  in  Table  15.2,  beginning 
with  investment. 

Investment  Costs:  Intermediate  and  Support  Major  Commands.  Intermediate 
command  investment  costs  include  such  things  as  sac  radar  evaluation  and 
electronic  countermeasures  units.  These  are  charged  to  the  strategic  mission 
as  a  whole  rather  than  to  individual  systems. 

Support  major  command  investment  costs  include  such  items  as  (1)  the 
initial  cost  of  the  ll.S.  Air  Force  Academy  and  new  facilities  there  and1  at 
the  Air  University;  (2)  the  initial  cost  of  new  trainer  aircraft  (arid  related 
initial  spares)  assigned  to  the  Air  d  raining  Command  for  general  Air  Force 
training;  and  (.1)  the  initial  cost  ot  new  general  purpose  storage  facilities  at 
afi.c  depots.  All  of  these  are  charged  as  investment  costs  to  the  Air  Force 
as  a  whole. 

■Operating  Costs:  Intermediate  and  Support  Major  Commands.  The  inter¬ 
mediate  command  cost  category  includes  (1)  the  headquarters  of  air  divisions 
and  numbered  Air  Forces;  (2)  the  headquarters  of  tactical  major  cothmands 
(for  example,  sac,  aoc,  tac,  usai-u);  and  (3)  various  noncombat  organizations 
which  serve  a  tactical  major  command  as  a  whole  (for  example,  personnel 
processing  squadrons,' radar  calibration  units,  and  statistical  services  squad¬ 
rons).  The  cost  of  intermediate  command  operation  is  computed  as  an  entity 
for  each  of  the  major  Air  Force  missions. 

The  support  major  command  cost  category  includes  the  Air  Force  Logistics 
Command  (excluding  depot  maintenance  costs  charged  to  systems)  and  the 
Air  Training  Command  (excluding  training  costs  charged  to  systems).  It  also 
includes  Headquarter  usaf,  Headquarters  "Command,  Continental  Air  Command, 
usAi'  Security  Services,  Air  University,  U,{>.  Air  Force  Academy,  Air  Force 
Accounting  and  Finance  Center,  and  Air  Reserve  and  Air  National  Guard 
programs.,;(MATS  is  not  included,  because  it  is  treated  as  a  separate  “mission”.) 

Research  and  Development  Costs:  Research  and  Other  Nunsystcms  Acti¬ 
vities.  This  category  includes  all  “nonsystcms”-oricntcd  R  &  D  activities. 
(Systcms-oi  iented  R  &  D  costs,  are  identified  to  the  systems  to  which  they 
pertain.)  F.xnmpkA  of  nonsystems  research  and  development  activities  arc 
basic  and  upnlied  research,  test  instrumentation,  and  development  support7. 

I 

15.4.  Cost  sknsiuviiy  analysis  , 

C'ost  sensitivity  analysis  attempts  to  answer  the  following  questions:  How 
docs  me  cost  of  a  system  vary  as  a  result  of  changes  in  the  configuration  of 

7  Fora  mote  detailed  discussion  sec  Movick,  op.  cit.,  pp  74- 76 


COS  I  INi,  methods 


289 


HV  M5j 

the  system?  To  what  elements  (considering  operational  assumptions  as  well 
as  hardware  specifications)  is  the  total  cost  of  the  system  especially  sensitive 
or  insensitive?  Similar  questions  may  he  asked  with  respect  to  total  force 
structures. 

In  a  recent  study  carried  out  at  rand,  a  proposed  system  was  costed  for 
36  different  configurations,  in  which  the  following  elements  were  varied 
within  certain  ranges:  force  size,  warhead  weight,  type  of  propulsion,  squadron 
size,  fixed  or  mobile  operation,  degree  of  dispersal,  activity  rate,  and  logistics 
support  concept.  Even  with  rorcc  size  held  constant,  the  other  variations  in 
configuration  produced  a  range  of  system  costs  varying  from  a  minimum 
of  $10  billion  to  a  maximum  of  $21  billion.  Repetitive  costing,  with  some 
Elements  of  the,  configuration  held  constant  and  others  varied  singly  or  in 
groups,  soon  revealed  the  elements  to  which  costs  were  sensitive  or.  insensitive. 

Except  for  this  repetition  or- iteration,  cost  sensitivity  analysis 'is  basically 
ncii  different  in  method  from  cost  analysis  as  already  described.  It  benefits, 
of  course,  from  techniques  that  facilitate  repetition,  such  as  the  generalized 
cost-estimating.,  relationships  discussed  under  investment  costs,  and  it  is 
facilitated  by  electronic  data  processing.  As  in  other  analvses,  consistency  is 
important  in  cost  sensitivity  analysis,  and  the  analyst  should  be  careful  to 
avoid  any  methodological  hias  in  favor  of  a  particular  system. 

Examples  of  Cost  Sensitivity  Analysis  ■'  : 

Perhaps  the  best  way  to  describe  cost  sensitivity  analysis  would  be  to  give 
some  examples  of  its  use,  both  in  individual  system  and  total  force  cost 
analysis.  So  that  security  restrictions  will  not  inhibit  our  choice  of  examples, 
the  systems  tire  not  always  identified  and  tire  charts  arc  presented  without 
i  numerical  values.  Nonetheless,  wc  believe  that  they  \vill  effectively  illustrate 
sonic  of  the  basic  principles  of  cost  sensitivity  analysis. 

Figure  1 5.5  shows  sensitivities  and  in, sensitivities  revealed  by  costing  various 
configurations  of  a  ballistic  missile  .system,  j 

1.  The  system  cost  is  relatively  insensitive  to  increases  in  payload;  that  is, 
a  considerable  increase  in  payload  can  be  obtained  for  relatively  small 
increases  in  cost.  The  explanation  is  that  a  number  of  the  expensive  compo¬ 
nents  of  the  system  change  little  with  increases  in  gross  weight  of  the  missile 
(for  example,  guidance  and  control  systems,  ground  support  equipment,  and 
installations  items  associated  with  fire  control  and  flight  vehicle  guidance). 

2.  The  system  cost  is  relatively  sensitive  to  type  of  propellant  used.  The 

explanation  is  that  the  use  of  solid  or  storable  liquid  propellants  eliminates  the 
need  for  the  expensive  storage  and  transfer  facilities  and  equipment  required 
by  cryogenic  propellants.  j1; 

3.  The  system  cost  is  relatively  sensitive  to  tite  automation  of  the  ground 
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Fig.  15.5  Missile  '(system  eust  vs.  payload  for  various  types  of  propellants  and 
ground  environments  (fixed  number  of  ready  missiles) 


environment.  The  explanation  in  this  ease  is  that  an  automated  environment 
requires  less  launch-site  ehee.konf'  equipment  and  personnel  and  personnel 
facilities,; 


Mean  time  to  fjaiiure 


Fig.  15.6  Missile  system  cost  vs.  mean  time  to  failure  for  various  probabilities 
of  successful  lauhch  (fixed  number  of  launched  missiles) 
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Figure  I5.fi  illustrates  a  missile  system’s  cost  'sensitivity  to  the  reliability  of 
its  components,  .as  measured  by  the  probability  of  it  successful  launch  and  by 
the  average  length  of  time  a  weapon  could  remain  on  alert  status  without., 
maintenance  (that  is,  “mean  lime  to  failure”).  Very  significant  reductions  in 
system  cost  would  result  from  improvements  in  these  characteristics,  and  the 
potential  savings  might  justify  additional  innovatijoji  costs  aimed  at  improved 
component  reliability.  j  jl 

Figure  1 5.7  illustrates  a  boost-glide  system  which  is  initially  quite  sensitive 
to  increases  in  the  weight  of  the  warhead.  The  cost  curve  show's  that  the 
sensitivity  decreases  with  increasing  warhead  weight,  so  that  after  a  point 
we  dould  buy  substantial  increases  in  weight  for  only  moderate  rises,  in 'system 
cost;'  Figure  15. H'  displays  (on  a  slightly  different  scale)!  the  minor  elements 

.  '  j  ;! 

of  cost  which  contribute  to  the  total  cost  curve  shown  in  Figi>  15.7)  From 
this  breakdown,  it  is  apparent  that  the  cost  of  the  operational  flight  vehicles  , 
is  the  most  important  element  in  the  total  cost  curve,  although  other  elements 
also  contribute  to  its  change  of  slope. 

Figure  15.9  illustrates  a  case  in  which  the  total  cost  of  a  system  initially 
decreases  and  then  increases  as  one -of  the  system  clmracteiistics  is  altered 
toward  higher  values.  The  system  includes  a  number  of  satellites  in  orbit. 
As  their  altitude  is  increased,  the  cost  of  the  system  falls  markedly  at  first, 
primarily  because  the  change  in  altitude  makes  it  possible  for  fewer  satellites 
to  do  tin-  job;  ibis  saving  is  lalcr  counterbalanced  by  the  increasing  costs  of 
oilier  components:  the  larger  boosters,  more  sensitive  instrumentation.  and 
more  powerful  communication  equipment  needed  for  the  greater  altitudes. 


Fig.  15.7 


Boost-glide,  system  cost  vs.  warhead  weight  (fixed  ready  vehicle  force) 
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Fig.  15.8  Major  elements  of  cost  in  Fig.  15.7  (shown  on  a  slightly  different  scale) 


Altitude - ► 

Fig.  15.9  Satellite  system  cost  vs.  altitude  (fixed  job  to  be  done) 
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Tablfc  15.8  illustrates  cost  sensitivity  analysis  applied,  not  to  a  single  system, 
but.  to  the  group  of  systems  making  up  the  strategic  mission.  In  a  recent  rand 
study,  sfcven  variations  of  a  basic  strategic  mission  were  investigated  as  part 
of  a  total  force  cost  analysis.  Force  structure  changes  were  proposed  as  shown 
in  the  ‘'Number  of  Squadrons”  panel  and  the  cost  implications  were  shown 
in  the  “Total  Expenditures”  panel.  (For  security  reasons,  only  a  few  numerical 
results  are  given  here.) 


Uses  and  A  dvantages  of  Cost  Sensitivity  A  nalysix 


The  systems  analyst  may  be  only  touching  the  surface  of  ihe  c.ost-cuec- 
tiveness  problem  unless  he  studies,  not  only  alternative  system  proposals,  bnt 
also  alternative  configurations  for  each  of  the  systems  under  analysis.  For 
this  puipose,  he  requires  the  results  of  a  cost  sensitivity  analysis  giving  a 
range  of  estimates  corresponding  to  various  system  specifications  and  assump¬ 
tions.  This  is  as  true  for  the  more  subjective  long-range  military  planning 
and  programming  as  it  is  for  the  formal  systems  analysis  with  effectiveness 
specified  auu  alternative  systems  described  in  concrete  detail. 

In  total  force  structure  studies,  the  cost  of  a  given  structure  is  of  vital 
interest,  hut  it  is  likely  to  he  only  a  starting  point  for  further  investigations  as 
the  original  structure  is  adjusted  to  bring  it  within  given  budgetary  limits  while 
maintaining  an  acceptable  level  of  effectiveness.  In  this  iterative  process  of 
structure  adjustment,  total  force  cost  sensitivity  analysis  gives  valuable  insights 
into  the  choices  available. 


Tost  sensitivity  analysis  is  a  useful  technique  for  dealing  with  problems  of 
uncertainly,  the  more  so!  because  conventional  statistical  methods  lor  deriving 
confidence  iimits  and  other  criteria  of  uncertainty  cannot  be  applied  generally 
to  cost  estimates.  In  studying  proposed  future  systems,  numerous  uncertainties 
must  be  recognized  together  with'  their  impact  on  system  costs.  For  example, 


here  are  uncertainties  about  the  size  of  the  system  force, 'tire  future  price  levels, 
nd  the  configuration  of  the  system  (hardware  specifications  and  operational 
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most  important  reason  for  differences  between  early  estimates  and  final  costs 
is  that  the  configUTatiM  oi  the  system  ultimately  obtained  differs  consideiably 
front  ,  that  envisaged  early  in  the  program.  C  ost  sensitivity  analysis  deals 
explicitly  with-  cost  differences  related  to  differences  in  system  configuration, 
and  it  therefore  can  provide  a  range  of  system  costs  which  is  likely  to  be  a 
more  realistic  guide  than  a  single,  most  probable  cost. 


15.5.  Presentation  of  results 

It  is  not  enough  that  the  analyst  should  produce  timely  and  reliable  cost 
estimates.  The  data  arc  so  numerous,  the  results  so  complex,  and,  their  various 
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applications  still  so  little  understood  generally,  that  the  analyst’s  work  is  only 
half  done  unless  he  presents  his  conclusions  so  that  they  can  he  understood 
readily  and  made  use  of  quickly.  Presentation  of  results  cannot  be  reduced 
to  a  lew  rules  to  be  followed  mechanically. . Presentation  is  a  form  of  inter¬ 
pretation  requiring  the  professional  skill  and  attention  of  Ihe  cost  analyst.  He 
must  understand  and  keep  in  mind  the  needs  of  systems  analysts  and  Air 
Force  planners  and  programmers.  These  needs  will  jnfluenCe  not  only  the 
method  of  presentation,  but  also,  to  some  degree,  the  analyst’s  choice  of 
cost  model  apd  costing  techniques.  • 

In  discussing  cost  sensitivity  analysis,  vve  have  already  illustrated  some 
graphical  methods  tor  presenting  estimates  characterized  by  a  miige  oi  a 
series  of  values  arising  from  uncertainties  about  system  performance  (for 
example,  Fig.  I5.h)  or  developed  by  varying,  the  configuration  of  a  system 
(for  example,  Figs.  15.5,  15.7,  and  15.9).  Table  15.S  displays  a  lahulai 
method  of  comparing  alternative  mission  structures  •  built  around  the  same 
basic  elements.  This  type  of  table  can  be  adapted  for  many  uses  and  is 
employed  at  rand  for  total  force  studies  as  web  q.s  studies  of  mission  structures. 

In  the  following  discussion,  we  'will  describe  briefly  or  refer  .to  a  ninnlvr 
of  other  formats  and  methods  of  presentation  that  have  been  found  useful. 

A  summary  of  costs  like  that  shown  in  Tabic  15.9  is  often  useful  in  itself 
and  also  serves  as  a  convenient  method  to  record  results  for  incorporation 
in  later  studies. 
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Presentation  oi  system  costs  by  cost  eatogoiies 
(Formal  for  a  missile  system) 


Research  and  development  eo.v/v 

l.stimatcd 

System  development 

cost-.'/  . 

Preliminary  study  and  design 

$  XX 

r  in'cion  nnomin>rinu 

XX 

Hardware  fabrication 

••  -.  AA 

System  lest  and  evaluation 

Vehicle  fabrication 

XX 

Captive  tesi  operations 

1  XX- 

Flight  test  operations 

•I  XX 

Test  equipment. 

XX 

Installations  -( 

XX-I 

Other  systems  research  and  development  costs  ; 

Depot  maintenance  and  supply 

XX 

Minor  modifications 

XX 

Miscellaneous 

XX. 

t  otal  research  and  development  cost 

$  xx>. 

2% 
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II.  Investment  costs 

Installations  xx 

Equipment 

Primary  mission  xx 

Specialized  XX 

Other  XX 

Slocks  3 

Initial  stock  levels  1  xx 

Equipment  spares  and  spate  parts  xx 

Initial  training  • 

Format  training  ■"  xx 

Missiles  consumed  in  initial  training  x,x 

Miscellaneous  xx 


Total  investment  cost 

■  $  XXX 

Operating  costs 

EqtnpmCiii  .'nd  insinuations  ictuBcemcni 

3  years 

5  years 

7  years 

Primary  mission  equipment  ; 

$  XX 

$  XX 

$  XX 

Specialized  equipment 

XX 

XX 

XX 

Other  equipment 

XX 

XX 

xx 

Installations 

XX 

XX 

XX 

Maintenance 

Primary  mission  equipment , 

XX 

XX 

XX 

Specialized  equipment 

•  XX 

XX 

XX 

Installations 

XX 

XX 

XX 

Pay  and  allowances 

XX 

XX 

XX 

Training  1 

XX 

xx¬ 

XX 

Fuels,  lubricants  and  propellants 

XX 

xx 

XX 

Services  and  miscellaneous 

XX 

XX 

XX 

Total  annual  operation  cost 

$  XXX 

$  XXX !' 

$  XXX 

IV.  Total  system  costs 

Research  and  development  |  investment  +  opetatidu  foi  3  years  $  xxxx 

Reseat  eh  and  development -f  investment  +  operation  for  5  years  $xxxx 

Research;  and  development -)  investment  -)-  operation  for  7  years  .$  xxax 

If  the  costs  of  research  and  development,  investment,  and'  operation  differ 

significantly  among  alternative  systems,  it.  is  important  to  present  estimates 
tor  several  periods  of  operation,  say  three,  five,  ami  seven  -years".  The  cheaper 
system,  in  the  short  run,  may  be  the  more  expensive  in  the  long  run,  if  it 
has  greater  operating  costs.  The  choice  between  systems  therefore  may  turn 
OD.  the  projected  ]>C*iwd  r*i  .o^uauun.  xj.  me  ui  •  cuftt 

is  of  particular  interest,  presentations  based  on  Figs.  15.1  and  15.2  may 
be  used. 

Table  15.10  illustrates  a  typical  format,. used  in  presentation  of ;thc  summary 

results  of  a  total  force  cost  exercise.  Soirietimes  the  summary  is'  presented  in 
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Fig.  15.10  Knnin  lor  display  ami  discussion  of  total  force  cost  analysis 


a  more  detailed  form:  for  example.  investment  costs  may  he  broken  down 
into  installations,  major  equipment,  initial  stocks,  initial  training,  etc.;  anil 
operating  costs  may  be  shown  in  lernr;  ol  inamtcnance,  pay  anil  allowances, 
replacement  training,  fuels,  lubricants  and  piopcilants.  etc. 

Fresental ion.  of  lolal  force  cost  estimates  is  a  particularly  dillirillt  task 
because  of  the  large  volume  of  data  involved.  For  initial  presentation,-  kand 
icjics  at  present  on  a  combination  of  blackboards  for  summary  data  and 
epnipilter  printouts  for  detailed  data.  The  aim  is  to  present  results  in  a 
meaningful  planner  as.  soon  as  possible.  I.ater,  when  'the  cost  implications 
have  been  thoroughly  considered,  and,  if  necessary,  lorce  structures  adjusted 
and  system  proposals-  revised,  cost  estimates  are  placed  m  more  pprmanen 
lorm  in  Ivpcd^  reports  with  charts  prepared  by  the  graphic  arts  department. 

Uano  nut k„cS  use  of  a  specially  designed  room  lor  the  development,  pre- 
senl.atiorjf,  ■  and  discussion  of  total  lorce  costs,  jpgur.i-:  1 5,10  shows  a  vketch 
of. that  loom.  basic  tabular,  data  are  ■ -posted  oJi  i-sli  cling  blackboards  using  a 


format  similar  to  that 


>.  ,‘v’ultipiC  sets  oi  uiasKiiuuius 


are  arranged  so  as  to  facilitate  rapid  posting,  flexibility,  and  comparison 
or  results.  Storage  area  i or  computer  ion-,  is  pro v idc  i  i  in  tne  drawers  and 
cabinets  below  the  blackboard  area.  A  permanent  blackboard  and  chart  rack, 
along  with  chart  storage  area,  is  contained  iii|ithe  back  wall  shown  in  the 
lower  half  of  Fig.  15.10.  Our  experience  indicates  that  a  facility  ol  ibis  kind 
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is  01  great  assistance  in  total  force  cost  analysis  ami  in  successful  presentation 
of  its  results. 


;15.6.  C'onci  uiHNci  ut marks 

In  conclusion,  the  importance  of  t lie  basic  cost-estimating  technique  should 
again  be  emphasized.  It  is  easy  to  get  carried  away  by  elaborate  display  hoards 
and  other  fancy  display  devices.  But  without  a  reasonably  good  cost-estimating 
method,  there  is  really  no  basis  for  considering  the  use  of  sophisticated 
presentation  devices.  To  produce  results  useful  in  planning  and  programming 
'deliberations,  the  cost-estimating  method  must,  as  a  minimum,  stress  the 
following  major  characteristics. 

1.  Total  .activity  cost  concept  oriented  toward  identification  of  meaningful 
“end  product”  activities  -  for  example,  weapon  and  support  systems. 

2.  Distinction  among  R  <Kl  D,  investment,  and  annua!  operating  costs. 

•  3.  Incremental  costing. 

4.  Time-phasing  Of  systems  and  forces  and  the  related  costs. 

5.  Hmphasis  on  those  system  cost  components  that  ape  relatively  most 
important  and  thil  are  particularly  sensitive  to  changes  in  weapon 
characteristics  or  methods  of  operation.  J 

6.  Hmphasis  on  Consistency  ol  method  in  casting  alternative  weapon  proposals. 

7.  Recognition  of  the  problem  of  imeeilainty. 


Chapter  16 

PITFALLS  IN  SYSTEMS  ANALYSIS 

E.  S.  OUADE  "  /; 


Problems  for  systems  analysis  arc  frequently  important,  urgent,  and  difficult. 
For  instance,  consider  the  problem  of  determining  a  strategic  force  posture. 
If  is  important  not  only  from  a  military  point  of  view  hut  equally  from  an 
economic  one,  since  the  vast  expense  of  modern  missile  and  aircraft  systems 
makes  efficiency  imperative.  It  is  urgent,  for  it  miist  he  solved  before  we  can 
have  national  security.  It  is  characterized  by  the  nurnbei  apd  diversity  or  the 
factors  involved,  which  embrace  engineering,  economics,  politics,  and  psy¬ 
chology  as  well  as  military  science;  by  the  need  to  commit  funds;  under 
conditions  of  great  uncertainty,  for  the  development  and  location  of  weapons 
tar  in  advance  of  the  time  they  will  become  operational;  and  by  the  necessity 
for  taking  into  account  the  will  and  intelligence  of  the  enemy.  These  things, 
together  with  the  comparative  newness  of  this  entire  approach  to  policy 
determination,  create  an  environment  full  of  pitfalls  for  the  analyst. 

This  chapter  calls  attention  to  the  kind  of  errors  that  are  sometimes  found  in 
systems,  analyses,  in  particular  those  carried  out  to  aid  long-range  military 
planning.  A  knowledge  of  what  pitfalls  may  lie  in  his  path  should  help  the 
analyst  to  avoid  them  and  the  user  to  discover  any  errors  into  which  they  may 
have  led  h 


The  errors  are  of  t!v.o  kinds:  simple  mistakes  or  blunders;  and  fallacies. 

Blunders  are  largely  due  to  ignorance,  stupidity,  or  carelessness — correspond¬ 
ing  to  errors  in  arithmetic  or,  in  these  days  of  computers,  to  coding  'errors. 
There  arc  few  precepts  to  tell  us  how  to  avoid  blunders.  Besides  t.ae  empty 
statement  that  only  smart,  well-trained,  and  careful  people  should  be  used  as 
systems  analysts  thebe  is  little  practical  advice  one  can  give.  To  discover  errors 
before  if.  is  too  late,  careful  checking  and-  qualitative  evaluation  of  the  reason¬ 
ableness  of  the  results  are  helpful.  Nevertheless,  humans  just  make  mistakes  arid 
experts  turn  out  to  he  wrong. 


1  For  an  additional  discussion,  see  Herman  Kafir,  and  Irwin  Mann,  Ten  Common 
Pitfalls,  The  rand  Corporation,  RM-1937,  July  .1957.  Many  of  the  ideas  of  this 
chapter  originated  in  their  work.  See  also  Bernard  O.  Koopman,  “Fallacies  in 
Operations  Research”  and  "Comments  by  C.  J.  Hitch”,  Operations  Research,  voij  4, 
no,  4,  August  193G. 


'  300 


Chanter  Vi  6 

\  ‘ 

PITFALLS  IN  SYSTEMS  ANALYSIS 

E.  S.'QUADE 

Problems  for  systems  analysis  me  ncquenlly  important,  urgent,  and  difficult, 
For  instance,  consider  the  problem  of  determining  a  strategic  force  posture. 
It  is  important  not  only  from  a  military  point  of  view  but  equally  from  an 
economic  one,  since  the  vast  expense  of  modern  missile  and  aircraft  systems 
makes  efficiency  imperative.  It  is  urgent,  for  it  must  be  solved  before  we  can 
have  national  security.  It  is  characterized  by  the  number  and  diversity  of  the 
factors  involved,  which  embrace  engineering,  economics,  politics,  and  psy¬ 
chology  as  well  as  military  science;  by  the  need  to  commit  funds,  under 
conditions  of  great  uncertainty,  for  the  development  and  location  of  weapons 
•  tar  in  advance  of  the' time- they  will  become  operational;  and  by  the  necessity 
for  taking  into  account  the  will  and  intelligence  of  the  enemy.  These  things, 
together  with  the  comparative  newness  of  this  entire  approach  to  policy 
determination,  create  an  environment  full  of  pitfalls  for  the  analyst. 

This  chapter  calls  attention  to  the  kind  of  errors  that  are  sometimes  found  in 
systems  analyses,  in  particular  those  carried  out  to  aid  long-range  military 
planning.  A  knowledge  of  what  pitfalls  may  lie  in  his  path  should  help  the 
analyst  to  avoid  them  and  the  use i  to  discover  any  choir  into  which  they  may 
have  led  k 

The  errors  are  of  two  kinds:  simple  mistakes  or  blunders,  and  fallacies. 

Blunders  arc  largely  due  to  ignorance,  stupidity,  of  carelessness—  correspond¬ 
ing  to  errors  in  arithmetic  or.  in  these  days  of  computers,  to  coding  errors. 
There  are  few  precepts  to  tell  us  how  to  avoid  blunders.  Besides  the  empty 
statement  that  only  smart,  well-trained,  and  careful  people  should  be  used  as 
systems  Analysts  there  is  little  practical  advice  one  can  give.  To  discover  errors 
before  it  is  too  late,  careful  checking  and  qualitative  evaluation  of  the  reason¬ 
ableness  of  the  results  are. helpful.  Mevetlheless,  humans  just  make  mistakes  and 
experts  turn  out  to  be  wrong. 

1  Tor  an  additional  discussion,  see  Herman  Kahr  and  Irwin  Mann,  I'm  Common 
Pitfalls,  The  rand  Corporation,  KMH937,  July  1957.  Many  of  the  ideas  of  this 
chapter  originated  in  their  work.  S<je  also  Bernard  O.  Koopman,  “Fallacies  in 
Operations  Research”  and  “Comment?!  by  C.  J.  Hitch”,  Operations  Research,  vol.  4, 
no.  4,  August  1956. 

1 


300 


in.  16] 


PI11AI  IS  IN  SVSTI’MS  ANALYSIS 


301 


Since  fallacies,  on  the  other  hand,  represent  a  false  idea  or  an  error  in  logic, 
we  have  more  hope  for  their  elimination.  Why  do  we  have  fallacies?  One 
reason,  mentioned  earlier,  is  the  lack  of  theory.  However,  we  do  have  a  certain 
amount  of  experience  and  a  few  precepts  based  on  common  sense  which  should 
permit  us  to  avoid  some  of  the  more  flagrant  fallacies. 

The  fact  that  an  error  or  fallacy  has  been  found  in  a  particular  analysis  does 
not  necessarily  invalidate  all  the  work,  for  it  may  In.  .repaired.  And  the  very  fact 
that  someone  can  point  out  where  an  analysis  went  wrong  strongly  confirms 
the  validity  of  the  method. 

Experience  indicates  that  we  find  our  pitfalls  by  falling  into  them.  To  avoid 
them,  we  not  cirdv  need  guidance  to  keep  us  on  the  right  path,  hut  wai/nmg  to 
tell  us  when  we  have  strayed.  Since  in  Chapter  R  I  separated  the  activities 
involved  in  analysis  into  four  stages,  I  will  discuss  the  pitfalls  under  the  same 
headings.  ..  <  , 

I. 

16.1.  Formulation  ";i| 

i  .  ij 

A  real  pittall  is  the  failure  to  allocate  and  io  spend  a, sufficient  slime  of  the 
total  time  available  deciding  what  the  problem  really  is.  As  said  earlier,  the 
problems  faced  by  the  systems  analyst  frequently  belon  g  tu  that  ciuss  in  which 
'  the  difficulty  lies  more  in  deciding  what  ought  to  ho.  done  than  in  deciding 
how  tO  do  it.  ; 


.Rather  than  he  guided  primarily  by  what  the  sponsor  believes  or  states  is  the 
best  approach,  a  good  systems  analyst  will  insR?  on  formulating  his  own.  It  is  a 
pitfall  to  give  in  io  the  tendency  to  “get  started”  without  a  lot  ol  thought  about 
the  problem. 

The  first  •  systems  analysis  this  author  worked  on  is  an  example  where 
thinking  about  the  general  problem  and  .asking  a  few  questions  might  have 
been  well  worthwhile.  The  analysis  wa,s  being  carried  out  to  help  in  the 
design  of  strategic  bombers  for  the  mid-195()’s.  One  moot  question  was 
whether  or  not  to  pul  a  tail  turret  on  inc  bombers.  My  assignment  was  to 
determine  how  the  coireiation  between  aiming  points  in  air-to-air  machine 
gun  fire  -something .  always  present  because  the  shots  were  not  aimed 
independently— lowered  the  probability  oi  bitting  an  attacking  tighter.  I  saw 
an  interesting  problem  and  started  right  to  work,  Revciai,  months  l-  ter.  after 
we  had 'found  a  Satisfactory  approximation  and  checked  it  hv  a  Monte  Carlo 
simulation  1  saw'  an  early  version  of  an  uii-to-air  guided  rocket.  It  suddenly 
dawned  on  me  that  by  the  time  the  bombers  under  .study- became,  operational, 
they  wouldn’t  have  an  opportunity  to  fire  hack  at  fighters  with  machine  grids. 
Asking  a  few  questions  and  thinking  about  the  more  gepera!  aspects  of  the 
problem  might  have  saved  a  lot  of  work. 

The  most  serious  error  likely  to  be,, made  in  problem  formulation  is  to  look 
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at  an  unduly  restricted  range  oi'  alternaf ives.  Although  narrowing  our  rarjge  ol 
choice  certainly  'makes,,  the  analysis  easier,  we  may  pay  4,  high  price  for  the 
labor  we  save  if  some  of  the  excluded  alternatives  are  better  than  those 


remaining,  _ 

Accepting  a  problem  posed  in  a  certain  wiiy  is  son||etimes  equivalent  to 
excluding  alternatives  from  consideration.  There.-is  a  tenddjney,  when  a  problem 
is  first  observed  in  one  ceil  of  a  business  or  military  organization,  to  try  to  find 
a  solution  that  is  ’  also  coinpleteiy  contained  in  the  Teii  An  administrator 
ordinarily  attempts  to  solve  his  problems  within  the  boundaries  of  his  responsi¬ 
bilities.  He  is  likely  to  pose  his  problem  in  such  a  wav  as  to  bar  from 
consideration,  or  to  dismiss  as  impractical,  alternatives  or  criteria  that  do  not 
seem  familiar  or  do  not  fit  into  the  chain  of  steps  by  yJ'pich  policy  has  been 
made  in  past  years  in  the  field  in  question.  Problems,  however,  do  not  respect 
bri'ani/af inns  T?>e  m'-dwt  must  try  in  consider  everythin!?  neitinent  to  the 

•  O'  -  ic  -  »  . 

analysis,  including  tlic  possible  reorientation  of  the  .entire  activity.  A  most 
important  qualification  for  a  systems  analyst  is  his  ability  to  see  this  fact.  It  is 
not  always  obvious.  For  example,  several  years  ago  a  committee  was  appointed 
to  review  the  air  defense  situation.  The v  were  told  that  the  objective  of  aii 


defense  was  to  make  the  United  States  invulnerable  to  surpiisc  attack  by 
maintaining  a,ji  adequate  capability  fui  shooting  down  enemy  aiiciaft  and 
missiles.  This  was  not  a  fruitful  assignment  for.it  made  air  defense  seem  hope 
less.  The  real  task  was  not  to  prevent  ourselves  from  being  destroyed  in  some 
specific,  manner  bill  frpm  being  destroyed  in  any  Was  whnKocvci .  All  the 
possible  ways  in  which  an  delenso  mighi  contribute  io  national  security  needed 
to  he  examined,  not  just  the  one  that  seemed  obviously  lo  he  Ihc  direct  .moans 
When  this  is  done,  air  defense  turns  out  lo  havi?  other  roles,  equally  important 
such  as  l,o  provide  early  identification  of  an  'attack  and  thus  laetieal  warning 
for  IJ.S.  offensive  forces.  Il  is  foolish  to  design  a  weapon  system  against  a 
specific  enemy  tactic  rather  than  against  the  enemy  hiip.sclf. 

Sometimes  analysts  content  themselves  wilh  applying  some  mechanistic  test 
to  alternatives  suggested  by  otlieis.  ini,  is  unfortunate  beyause  the  invention 
Cf  new  alternatives,  new  weapons  systems,  and  new  ways  to  .accomplish  military 
objectives  has  proved  frequently  to  be  the  analyst's  most  constructive  and 
valuable  role.  1  he  diverse  anil  multiple  ways  in  which,  military  ends  can  he 
achieved  are  often  not  realized  because  the  alternatives  do  not  always  appear 
as  obvious  substitutes.  They  may  not  look  alike  or  have  the  .same  spec  ihc 
function.  Thus,  to  protect  civilians  against  air  attack,  shellers,  “shooting" 
defenses  e.onniei  force  attack,  anil  retaliatory  striking  power  are  all  alternatives. 

Thus,  the  possible  alternatives  may  he  tou  numerous  to  he  cxamhied  indi 
vidually.  Many  may  have  to  be  eliminated  by  assumption  This  mfisl  not  he 
done  arbitrarily,  but  by  preliminary  analysis.  Such  assumptions  should  be 
regarded  as  flexible  in  the  sense  that' they  may  be  relaxed  or  removed  if  it 
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appeals  that  their  presence  is  an  unduly  controlling  iauioi.  I  or  example,  the 
analysis  mentioned  earlier,  an  attempt.  lo  determine  the  requirements  for  an 
optimum  long-range  bomber,  began  Vv  ijtli  i’i  mi  ici  i  CrniL‘1  it  u\  i!k-  .spuiiM’n* 
that  both  the  payload  anil  range  exceed  jjccctatn  minimum  values.  We  considered 
different  cruise  and  target  speeds,  altitudes,  engine  types,  number  of  engine, fi, 
etc.,  but  because  of  the  restrictions  on  range  and  payload,  found  that  certatjt 
‘interesting”  configuration's  were  excluded.  By  arguing  the  viiiues  of  icluciiiig 
cud  the  -:'mi  unproved  weapon  technology  could  reduced  he  need  for 

payload  capacity,  we  managed  lo  gel  the  restriction  lifted.  II  we  hadn't.  .(he 
type  of  plane  later  considered  “best  would  have  been  excluded. 

ii  is  also  easv  to  tail  into  liie  pit  I  nil  of  trying  lo  do  too  big  a  job.  Many 
factors  tend  to  lead  the  analyst  in  the  direction  of  increasing  the  amount  -of 
Work  that  he  is  going  to  try  io  do.  Turning  out  a  good  .  analysis  requires 
spending  a  lot  ol  time  thinking  ol  questions  that  can  ho  usefully  answered  in 
tlii*  i  aviuhble.  ' 

The  determination  of  objectives  and  criteria  requires  great  care,  (.(noting 

r- _ i  i  i :«  .v 

i  i  ut.ii  v  .  J .  .}  i  ilcti  , 

How  does  an  operations  researcher  typically  go  about  choosing  etileria- 
choices  lo  which  the  results  ol  his  analysis  arc  typically  lar  more  sensitive 
than  the  choice  of  mathematical  models,  to  which  inordinate  study  and 
delia!--  tire  usually  devoted?  In  some  cases  he  casually  takes  the  first 
criterion  that  pops  into  his  mind  anti  dashes  on  to  the  less  important  but 
more  congenial  aspects  ol  1 1 is  job.  In  sonic  other  eases  he  lalls  back  on  one 
of  what  i’tofessoi'  koopman  'calls  operations  'reseat ch\  "pioccduial 
fallacies" 

A ullioi  inns  -  letting ’the  customer  tprobnbiy  a  genual  ot  admnal)  cltopse 
the  criletion.  even  though  this  involves  letting  the  customer  ‘"ask1  flit' 
,  question"  or  "define,  the  problem",  a  responsibility  no  self-respecting 
scientist  would  abdicate  to  bis  customer,  for  good  reasons,  when  be  is  on 
hix-hwn  familiar  ground  as  scientist:  01 

M ft  huniiis-  —putting  Ins  machines  lo  work  as  a  substitute  lor  hard  thinking. 
Because  he  kicks  anv  rationale  lor  choosing  a  good  ciitciion,  the  opera 
oons  i cScuidtc!  wiii.es  de’l-c'i-i  all  lla  oh |ec f Ives  he  wants  to  ae't  i  iiuplish.  and 

-.  **  i  .jpU  BL/lilil-.ift#  (  .ns  t-i  t-st-a  li-li'  Hevic  if  tit  f-.mllttlltlt  \  rtflli 

Statistics,  voJ.  XI  ,  no  1,  August  19.*»8t  p.  204. 

a  Professor  Koopman.  a  mathematician,  refers  "to  llic  choice  of  "figures  ol  met  it" 
and  “measures  of  effort”.  In  my  terminology  tin-  former  arc.  objectives,  die  latter 
costs,  and  the  criterion  usually  some  relation  between  iiiem  (diffeieiice,  ratio, 
maximization  or  minimization  of  one  willt  the  other  us  constraint,  etc.).  See  f.fcm.uu 
0.  Koopman,  “Fallacies  in  Operations  Research"... and  "Comments  by  t  .  J.  Hitch  , 
Operations  Research,  wol.  4,  no.  4,  August  1956.  ,  | 
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.ill  the  coats  he  wants  to  avoid,  links  them  in  various  permutations  to  form 
criteria  and  lets  the  machine  optimize  tor  each  criterion  in  turn.  Then 
either  he  bases  his  recommendations  on  some  form  of  majority  vole  (this 
might  he  called  the  fallacy  of  misplaced  democracy — all  criteria  are 
inherently  equal)  or  he  combines-  the  fallacy  of  m&chanitis  with  that  of 
authorities,  passing  all  results  on  to  the  customer  who,  thoroughly  con¬ 
fused  by  a  welter  of  apparently  equally  plausible  solutions,  has  to  make 

*1 . 1. 1 

l  • «c  UlOKf,  .  , 

Mr.- .Hitch  goes,  on  to  talk  abort  particular  criteria  errors: 

A  particularly  common  and  vicious  form  of  ratio  critciia  is  the  one  that 
maximizes  an  objective  divided  by  some  single  valuable  input,  when  other 
valuable  inputs  are  required.  It  is  apparently  altogether  natural  lor  the 
rivMiv.\iVMiOiiii.st  to  Oj/miif/ic  me  suhill'm  of  mosi  v<iiuubic  I CSOUI'CCS, 
treating  other  inputs  as  ii  they  were  free  goods.  More  frequently-- than  not 
operations  research  studies  o|  miciear  bombing  systems  hav'e  maximized 
destruction  per  graifi  of  -.fissile  material--  completely  ignoring  far  more 
cosily  delivei  y  sysiem  inputs,  anil  gelling  weird  results.  It  is  seldom  that 
all  but  one  input  can  he  regarded  as  free,  with  no  alternative  uses.  An 
economist  would  not  fail  into  this  trap.  The  ignoring  ol  some  co!jl- elements 
nifty  in  turn  he  regarded  as  a  special  case  of. another  extremely  common 
criterion  error  the  neglect  of  effects,  which  may  he  either  harmful  or 
beneficial,  on  other  military  or  national  objectives.  The  typical  operations 
"  research  study  dealing  with  strategic- air  problems  simply  ignores  important 
impacts  of  bomber  deployment  on  air  defense,  as  well  as  possibilities  ol 
jointly  supplying  some  tactical  offensive  power  along  wilh  the  strategic'1. 

The  point  is  that  the  only  way  to  choose  criteria  is  to  nndcitake  analysis;  the 
pitfall  is  .to  believe  the  contrary,  ? 

It  is  lyir.  Hitch’s  contention  in  the  article  quoted  that  a  rudimentary  ground¬ 
ing  in  ■elementary  economic  principles  is  most  urgently  needed  in  systems 
analysis  and  operations  research,  more  than  knowledge  of  elaborate  quantita¬ 
tive  techniques.  v- 

Operations  icsiiareh  essentially  involves  using  “cost’’  (in  some  sense  nr  ■ 
another)  as  a  guide  to  the  ellicienf  choae  among  altcrnil.fi ve  objectives,  in  the 
traditional  military  “requirements”  approach,  cost  considerations  are  excluded 
until  requirements  have  bccTi  established  by  ‘‘military  judgment  on'the  basis  of 
needs”.  Jn  tins  latter  use  cost  serves  only  to  indicate  how  ‘much  can  be  achieved, 
r.e.t  what,  can  be5 achieved  and  hew  it  should  he  done. 

‘'.The  costs  considered  in  e\ alluding  futute  alternatives  should  be  the  “in 

*  “Economics  sand  Military  Operations  Research”,  Review  of  Economics  and 
Statistics,  veil.  XI. ,  no.  X  August  lUStf,  p.  206. 
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crementar  costs,  that  is,  the  net  additional  resource  drain  that  would.be 
incurred  because  of  the  choice  of  each  particular  alternative.  When  a  proposed 
system  can  use  facilities  purchased  for  an  earlier  system,  such  facilities  are  free 
to  the  weapon  system  still  under  consideration.  Therefore,  in  comparing 
systems  it  is  an  error  to  cotnpute  the  costs  as  if’bo  other  systems  exist.  If  a  pew 
system  can  use  existing  facilities  or  equipment,  but  other  proposed  alternatives 
cannot,  it  natuiaiiy  achieves  a  cost  advantage.  Capabilities  Reading  toward  the 
attainment  ot  objectives,  other  than  that  toward' which  the  study  is  directed, 
must  also  be  taken  into  account.  If  certain  cosl-clljpctiveness  comparisons  had 
boon  taken  at  lace  value,  no  modern  Navy  carried' would  exist.  In  comparing 
alternatives  for  limited-war  roles,  these:  studies  took  no  account  of  the  carrier’s 
central  war  capability  in  a  comparison  with  weapons  systems  that  had  almost 
no  capability  in  other  roles. 

It  is  putting  the  cart  before  the  horse  to  search  for  an  objective  in  term's  of 
which  to  compare  weapon  systems.  The  objective. must  come  first.  If  it  docs 
not,  wc  run  the  risk. of  analyzing,  ways  in  which  the  possible  weapon  systems 
can  best  be  used  to  implement  the  wrong  objective. 

Something  must  always  be  left  out,  otherwise  problems  are  too  big.  For 
example,  the  decision  to  use  a  particular  radar  on  a  new  jet  fighter  should 
fundamentally  rest  on  the  military  worth  of  the  available  alternatives,  it  is 
futile  to  try  to  make  this  choice  by  considering  all  possible  wars  in  which  this 
equipment  might  he  used.  Yet,  even  though  it  may  be  beyond  the  analyst’s 
capability'  to  do  a  complete  job,  he  can  at  least  do  some  thinking  about  the 
larger  problem.  The  dangeious  path  is  to  reduce  the  problem  by  fixing  factors 
which,  if  sufficient  thought  had  been  given  to  the  larger  problem,  would  have 
been  allowed  to  vary. 

As  an  illustration,  wc  might  consider  a  decision  made  by  the  missile  planners 
of  ten  years  ago,  torn  by  conflicting  requirements  for  range,  altitude,  speed, 
payload,  accuracy,  and  reliability.  To  simplify  their  problems,  the ’common 
solution  was  to  specify  accuracy  anti  payload — with  the  result  that  missiles 
which  now  look  the  most  promising  were  effectively  excluded  from  considera¬ 
tion,  This  was  because  the  accuracy  and  the  payload  demanded  were  much 
beyond  the  capability  of  the  engines.  These  requirements,  however,  became 
obsolete  v.'ith  the  development  of  lighter  nuclear  weapons  before  the  alternative 
missiles  were  operational. 

The  pitfall  in  development  analysis,  is  to  concentrate  technical  competence 
and  military  expertise  on  the  problem  of  recommending  foi  development  the 
system  that  will  be  most  effective  in  the  environment  expected  to  e’Xist  at  some 
future  time.  For  in  spite  of  our  efforts,  the  future  will  remain  broad'  and 
uncertain  and  the  specific  system  selected  may  find  itself  faced  with  a  Com¬ 
pletely -different  environment.  The  real  problem  is  to  provide  a  mend  of 
alternatives  to  confront  a  spectrum  of  future  events.  :! 
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Along  with  the  failure,  in  the  rush  to  get  started.  to  realize  the  importance  of 
a  searching  analysis  of  what  the  problem  should  he.  it  is  easy  to  fall  into  the 
pitfall  of  unconscious  adherence  to  an  ndiintion  bias  or  to  “party  line:' — "fanati¬ 
cism'  in  Herman  Kahn's  list  of  pitfalls,  tie  calls  it  "the  most  important  single 
liaison  for  the  tremendous  miscalculations  that  tire  made  in  foreseeing  and 
preparing  fot  technological  advance  or  changes  in  .Ihe  sliategie  silnalioii"  and 
describes  the  sitittilion  as  lollows. 


Almost  all  organizations  are  subject  to  fashion;. some  are  cvi"n  monolithic.  An 
idea  gets  popular  and  everybody  hops  on  the  bandwagon.  Sometimes,  it  is 
only  a  question  of  having  vested  inteiests.  or  being  obviously  partisan.  Mostly 
though,  h's  just  the  v,*.;iy  people  {including  .scientists}  ate.  Vci  v  lew  people 
can  hoiii  tentative  opinions  about  questions  they  are  interested  in,  particularly 
if  their  colleagues  have  made  tip  their  minds  liven  the  most  independent 
members  may  tie  swept  oil  their  feel  hv  the  intellectual  tide.  Ml! may  he  a- little 
worse  in  classified  work  but  the  other  fields  are  not  immune. 


3  Several  things  can  he  done  to  alleviate  the  situation: 

1.  (Jet  a  competent  and  honest  stall'. 

2.  Make  the  effective  discussion  groups  for  the  important  ideas  fairly  huge. 

3.  b.neourage  independence  oi  thought  among  individuals  as  much  as  possible. 
In  particular  he  tolerant  ol  lone  wolves  and  mavericks. 

4.  Provide  .for  frequent  and  effective  outside  criticism  iiitd  refciecing 

Still  in  spite.'' of  everything  that  is  done,  there  will  he  a  party  line.  Ibis  is 
probably  the  imis.l  important  single  reason  I'm  the  tremendous  miscalculations  . 
lluit  are  made  in  foieseeiug  and  preparing  lor  technological  advances  or 
changes  in  lire  Islralet-it  situation.. 


One  of  die  main  advantages  m  having  at  least  some  .systems  Analysis  done 
by  independent  civilian  organizations  is  that  Iheit  noil-military.  nature  and 
more  importantly,  their  ftccdetn  from  stuff  resjuitisihilil v  make:; them  a  little 
more  capable  oi  withstanding  pressures  lor  intellectual  conformity. 


All  military  systems  have  been  traditionally  Ciinservaiive’with  respect  to  ncWjj 
weapons  anil  .'met hods,  t  his  is  reflected  in  A  standard  “party  line  — to  scold) 
refinements  and  iiupioveriiciiis  In  an  Oogoipg  proven  svslvqi  rather  than  a  hew: 
one.  i  his  means  resistance  to  novel  and  more  'advanced  technology  and  to 
methods  'that  disturb  tradition. 

Die  history  of  strategic  bombing  studies  since' World  War  I!  illustrates  the 
wnrkin"'  of  this  influence*.  In  World  War  It,  the 


idd. 


penetrate  the  deienses,  bomb  accurately,  and  return.  Ibe  boinbet  s  coticciH 
was  with  enemy  fighters,  antiaircraft  guns,  and  missiles  not  with  cm  mv 
bombers.  I -'or  years,  even  in  studies  for  time  periods  after  tin?  Soviets  were 
expected  to  .have  nuclear  weapons,  no  serious  attention  was  paiil  to  the  lac! 


■f  "Kahn  and  Mann,  op.fp.t~,  p.  42. 
^  See  Chapter  7. . 
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that  our  bombers  might  he  attacked  on  the  ground.  and  we  did  not  plan  such 
an  attack  on  theirs.  Requirements  and  .specifications  for  futuie  bombers  hardiv 
considered  the  problem  of  surviving' the  enemy  olTerijke  This  was  not- stupidity 
but bui  attention  bias.  For  instance,  in  the  Navy-sAc  controversy  over  the  H-.tb 
in  ll*4l),  the  Navy  questioned  the  B-3(i  on  eveiy  basis  they  could  think  of,  in 

'e(  :i  " 

eluding  moral  oites  •  except  its  vulnerability  on  the  ground.  Kano  strategic 
bombing  studies,  even  aftei  the'' seriousness  of  the  problem  of  bomber  survival 
on  the  ground  had  been' pointed  out,  continued  to  concent  ride  on  such  questions 
ns  speed,  altitude,  low  vs.  high.-penctration,  supersonic  dash,  bombing  altitude, 
'small  vs.  large  planes,  and  what  targets  to  select  The  (Russians  and  the  British 
•took  even  longer  than  we  did  to  recognize  ground  vulnerability,  and  some 
people  think  the  l  rench  have  not  yet  really  absorbed  the  idea  II  look  the. 
searching,  detailed  analysis  of  the  Base  Study  (Chapter  •>)  and  its  extensive 
briefings  in  attract  major  attention  to  the  problem: 

It  is  dillieult  to  overemphasize  the  importance  of  a  careful  formulation.  II 
should  identify  the  suhprohlems  involved,  isolate  ihe  major’ factors,  develop  a 
vocabulary  for  dealing  with  them,  sketch  obt  the  relationships  between  ihe 
variables  as  they  appear,  and  even  arrive  at  a  tentative  set  of  conclusions.  Ihe 
idea  is  to, make  clear  the  structure  of  the  analysis.  Bui  mote  jnipoitantly. 
it.  oilers  aj concrete  hypothesis  for  otlicis  to  probe. 

The  setting  forth  of  possible  conclusions  or  recommendations  at  an. early, 
stage  helps  to  guide  the  analysis.  Also,. such  a  consideration  may  turn  ouf.to  be 
useful  if  the  sponsor  wants  nieliminoix  guidance  on  police  in  oil  thc-cull  judg- 
mends  print  to  completion  ol  (he  analysis. 

Once  we  recognize  that  analysis  is  itci  alive  and  that  a  single  cycle  of 
Fonuulation,  search  for  the  facts,  and  model  buildim*  is  unlikely  to  he  adequate; 
we  i cali/c.tha!  the  pitfall  lies  not  in  lorming  a  pteeoneci ved  01  early  idea  about 
die  solution,  but  in'  being  unwilling  Tv-rd  sucb  •>»  id.-,  in  the  face  of 
new  evidence. 

1  h.'.'.i,  St  a iu  it 

"Scinch”  is  the  name  we  have  given  to  the  inves'figaiioiV'lhal  determines  the 
facts  or  evidence  on  which  the  analysis  is  to.  he  based  and  seeks  to  discover 
alternatives  othet  than  those  that  ate  mimcdiati'iy  Cibvious.  Here  we  note  several 
possible -sources  ol  error.  i  ■  . 

One  lies  m  ohg  aecenlaitcc  ol  ‘  ollieial '  ligure-L  .the  ludorical  reasons- tor 
designing  a  new  system  ate  embodies!  m  the  planning  laet.ois  and  tactics  used 
in  ollieial  studies.  But  conditions  change  and  it  sh.oi.iU!  he -a  major  duly  of  Ihe 
study  to  review  these  h gules,  r  oi  example,  ft  is  futile, to, .base  a  study  solely  on 
intelligence  estimates  of  specific  fulurc  enemy  capabilities.  We  cannot  even 
predict  the  capabilities  of  our  own  military  establishment  ten  years  from  now, 
everd  though  we  Ijnow  our  resources  and  plans.  „!t  is  well  to  t  emcnibcdlhut  one 
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of  the  important  functions  of  th|  information-gathering  procedure  is  that  of 
rejecting  information.  ,  :[ 

Uncertainty  about  enemy-ten Jw^ilifie**  can  lead  to  yet  another  pitfall.  While  it 

is  clear  that  to  base  the  conclusions  of  a  studv  on  the  “most  nrobahle”  estimate 

:  ■.// 

of  enemy  capabilities  is  not  enough,  it  is  equally  an  error  to  base  it  on  the 


“worst  possibly”.  The  worst  possible  case  may  not  only  be  extremely  unlikely 
but  call  for  systems  so  expensive  .that  totally  dilTercnt  alternatives  may  have 
to  be  sought. 

One  frequent  pitfall  is  the  completely'  mistaken  technical  notion1, or  fact. 

Anyone  who  has  spent  any  time  at  all  in  this  field  has  had  the  following 
disturbing  experience.  He  consults  his  own  people  and  gets  a  very  flat 
statement  from  them  on  what  the  technical  situation  is  or  can  be.,  He  then 
goes  U>  another  organization  that  is  also  technically  competent.  There  lie 
finds  out  that  the  situation  is  at  best  controversial,  or  even  that  his  own 
people  are  completely  wrong.  This  should  not  be  treated  as,  a  disaster 
causing  one  to  lose  all  faith  in  the  competence  of  the  people  (though  it  is 
1  clearly  not  confirmatory  evidence  of  their  competence),  but  as  a  fairly 
;i  normal  occurrence  which  can  be  expected  to.  happen  occasionally  7. 

For  example,  the  analyst  may  learn  that  a.  cheap  anil  simple  countermeasure 
exists  which  renders  almost  worthless  the  system  that  the  analyst  has  indicated 
us  preferred.  It  is  clearly  a  pitfall  to  expect  a  j;han  or  organization  who  created 
a  system  to  discover  its  faults.  The  suggested- way  to  avoir!  such  surprises  is  to 
consult  as  many  sources  and  experts  as  possible,  asking  the  advocate,  of  a 
particular  point  of  view  how  bis  ciitics  wmjlu  attack  it.  For  such  an  approach 
to  be  of  value,  it  is  important  that  people  with  an  adverse  opinion  of  the  worth 
of  the  system  be  consulted.  It  is  hard  to  get  an  engineer  to  display  much 
ingenuity  in  tearing  dowq  a  technically  brilliant  design  that  he  hn<  wooing 
on  for  years.  ....  • 

Sometimes  errors  occur  because  the  analyst  fails  to -communicate  effectively 
with  the  professional  people  on  whom  he  must  rely.  For  example,  in  the 


previously  mentioned  analysis  under! 


nkeii  to  choose  «i  next-generation 


from  among  the  thousands  of  possible  designs,  the  number  of  engines  un¬ 
expectedly  appeared  as  a  most  significant  factor  in  bomber  ij‘.  rvival.  Since  we 
felt  sure  that  the  aircraft  designers  had  sonic  llexibility  as  to  the  number  of 
engines,  we  went  to  people  who  supplied  the  designs  to  deternn.j  what  penalties 
would  he  incurred  if  the  number  of  engines  were  increased.  Then  we  found  out 
that, while  they  had  worked. out  the  total  thrust  required  for  each  ol  the  designs, 
they  had  no  rnie  for  and  had  not  specified  the  number  of  engines.  The  people 
who  gathered  the  data  for  the  attrition  model  had  obtained  the  number  of 
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engine?,  by  counting  those  shown  on  a  diagram  that  indicated  the  pertinent 
features  of  each  configuration.  It  then  turned  out  that  the  artist  who  drew  the 
illustrations  had  decided  that  without  engines  the  figures  didn't  look  tike  air¬ 
craft  anil  simply  drew  in  the  number  of  engines  that  looked  suitable  to  him  for 
the  shape  and  size  of  the  wing!  A  possible  way  to  avoid  this  type  of  pitfall  is  to 
have  someone  on  the  analyst’s  team  who  is  at  least  a  lay  expert  in  all  the 
important  fields' with  which  the  study  is  concerned;  however,  shaip  limits  of 
time  and  money  may  make  this  impossible. 

It  is  not  necessarily,  true  mat  it  enough  factual  research  in  a  subject  area  is 
carried  ou.jt  a  yajjd  generalization  will  somehow  automatically  emerge. 

As  Kahn  and  Mann  state: 

:  .'The  Systems  Analyst , must  have  high  standards  for  the  quality  of  the 

f.  technical  work  that  goes  into  the  study  but  the  standards  should  not  be 
j:  high  that  they  are  self-defeating.  If  he  insists  on  checking  every  fact 

With  every  possible  person  who  could  have  any  opinion  on  the  subject, 
then  he  would  never  finish  the  study,  lie  must  do  enough  cross-checking 
1  to  convince  himself  that,  in  all  probability,  he  has  the  correct  facts,  and 
then  he  takes  his  chances,  this  means  that  once  in  a  while  he"  will  he 
misled  and  will  look  foolish,  but  one  cannot  do  elfeetive  work  in  this  field 
unless  one  is  willing  to  ’take  this  risk  \  » 


16.3.  Explanation  :i 

It  is  a  pitfall  to  become  more  interested  in  the  model  than  in  the  real  world. 
Technical  people  with  specific  .raining,  knowledge,  and  capability  like  to  use 
their  talents  to  the  utmost  It  is  easy  fnr  analysts  whose  basic  training  is  in 
mathematics  to  focus  attention  on  the  mechanics  of  the  computation  or  on  the 
technical  relationships  in  the  model  rather  Ilian?  on  the  important  questions 
raised  in  the  study.  They  may  thus  find  out  a  great  deal  about  the  inferences 
that  pan  be  drawn  from  the  model,  but  very  little  about  the  question  they  set 
out  to  answer.  ’  '■  '} 

A  model  is  but  a  representation  of  the  real  woild.  Morei/must  be  left  out  than 
gar.  be  included.  Consider,  for  example,  the  model  in  Appendix  IS.  Concep¬ 
tually,  we  try  to  represent  a  series  of  wars  in  which  wc  send  our  missiles  over 
enemy  territory,  let  them  be  shot  at,  and  then  determine  how  much  damage 
they  do.  Everything  is  then  restored  io  its  original  condition  and  another 
experiment  tried  with  a  different '.[strategy  or  system.  The  actual  operation  is 
certainly  unfeasible,  and  any  such  exercise  with  real  equipment  is  unfeasible 
We  are  almost  completely  restricted  to  hypothetical  experiments  consisting  of 
pen-and-paper  or  computer  exercises.  ■ 

There  are  dangers  in  oversimplification  in  the' model,  although  in  a  general 
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sen  so  it  pays  tc>  bo  simple.  Formulas  involving  largo  numbers  of  symbols  -  • 
ppssihly  so  complicated  to  write  down  that  they  are  much  easier  to  use  when 
Woken  down  into  several  pages  of  computational  procedure-  may  seem  to  be 
njore  accurate  than  approximate  relations  But  the  human  mind  is  limited. 
There  are  only  a  few  concepts  that  can  be  held  simultaneously  in  mind.  !  ong 
.'formulas  or  relationships  so  involved  that  it  is  impracticable  to  reduce  them  to 
a  single  expression  are  likely  to  convey  no  meaning  at  all,  while-  a  simple, 
though  possible  approximate  relation  may  he  easily  understood.  Through  human 
fallibility  a  major  error  may  invalidate  the  more  complicated  expression  and 
yet.  in  general  complexity  ol  lormiilation,  pass  unnoticed.  In  uncomplicated 
expressions  seiions  error  is  ant  to  become  obvious  long  before  tile  computation 
is  completed  because  the  relationships  mav  he  simple,  enough  lor  us  to  see 
whether  the  behavior  of  the  model  is  going  to  be  reasonably  in  accord  with 
intuition.  The  most  convincing  analysis  is  one  which  the  nonteeluiieiau  can 
think  y  ./ugh. 

i  once  worked  on  a  systems  analysis  in  which  we  used  a  very  complicated 
model  for  bomber  attrition  m  a  strategic  bombing  campaign.  Figure  f <>. I  dis¬ 
plays  the  equations  for  a  small  part  of  that  model,  and  one  ot  the  simpler  parts 
at  that.  These  equations  make  up  a  suU'mode!  for  computing  Ihe  expected 
number  of  bombers  that  survive'  the  gnu  and  niissihr  defenses  during  the 
approach  by  the  bombers  to  a  defended  taigci.  This  submodel  was  iuheiiicd 
fronvan  earlier  study;  we  had  not  built  il  ourselves.  We  had  similar  submodels 
for  the  oilier  survival 'probabilities. 
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finished,  noticed  a  peculiar  feature,  namely,  once  the  number  ol  attackers  got 
i;u i>e  the  number  slfot  down  decicased  (even  though  no  attempt  was  made  to 


in.  U>1 


I’lil/U.IS  VN  SX  STUMS  AN‘\p'SIS  i  I 

destroy  the  defenses')!  Il  look  intense  investigation  to  discover  dial  lliis  absurdity 
arose  from  an  assumption  about  the  defense  tiring  doctiine  which  was  no  longer 
sensible  when  ihe  number  of  bom  hors  became  as  large  i\s  the  number  we  were 
invest tins.  We  found  a  more  suitable  ussiiniolion.  but,  our  suspicions 
aroused,  probed  further  and  then  abandoned  the  whole  eonstriictior a  I  he  point 
is.  the  formulation  was  too  cunipiex  tor  us  to  understand  until  almost  too  late. 
There  is  another  point  here,  loot  it  is  an  error  lo  use  someone  etse’s  model 
unless  vou  thoroughly  understand  its. implications  and  limitations. 

The  people  for  whom  analysis  is  undertaken  should  become  aware  ol  another 
aspect  of  big  computing  projects.  Almost  invariably  the  lime  required  to  set  lip 
die  computing  piogram  for  (urge  problem."  is  underestimated,  instead  ol  taking 
a  few  months  it  may  take  a  year  or  longer.  Ideas  change  fairly  -rapidly  in  the 
field  of  military  analysis,  and  questions  that  people  now  think  are  important 
become  qnimportant.  The  large-model  man  always  runs  into  she  danger  of 
bavin i:  to  spend  most  of  his  time  looking  for  ways  to  make  (ho  computing 
machine  better  approximate  some  relatively  trivial  aspect  of  the  real  world 
rather  'than  studying  the  problem  lie  set  out  to  solve.  Me  thus  learns  a  lot  about 
pro!'!'jnmiing''and  veiy  little'  about  military  decisions,  for  these  masons,  we 
said  earlier... we  should  turn  to  the  mathematician  as  much  for  his  ingenuity  in 
escaping  mass  computations  as  for  bis  skill  in  organizing  them.  Indeed,  the  role 
of  the  big  model  in  systems  analysis  has  been  more  tojveril.y  and  t;>  work  out 
details,  and  to  prepare  for  presentation  ideas  that  were  already  fairly  well 
understood  than  to  discover  solum  ms.  1  here  is  a  good  chance*  that  ideas 
originated  and  i lie-  analyst  became  convinced  of  theii  validity  through  very 
lough  and  elementary  calculations. 

Another  dangerous  pitfall  lies  in  forcing  a  complex  problem  mlojan  analyti¬ 
cally  tractable,  framework  by  emphasizing  ease  ol  computation.  Compromises* 
must  always  he  made  in  model  building,  hill  this  is  not  ,the  djireethSin  in  which 
to  go.  It  is  almost  always  better  to  sacrifice  workability  in  Order  to  represent 
the  process  biting -modeled  more  adequately.  ,( 

Anothei  pitfall  consists  of  trying  to  use  nulp-  complicated  technique-*  *>■<■ 

*1-1-.  ui'il-l'iint  'Till*  eftll  V  of  h»>\V  in  Wtir!il  W;ir  I  -  f  <>lt ftii’l  1  ennurd  P.  Avi'CS. 
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C'hii-r  Statistic::!  Ollicc  of  1h<*  I  i  S.  Army.  dmadiul  when  to  issue  the  first  drjlft 

tr-  -  -  ,  1  r.  -t . I  I -  I  ft  I  ~1 

Ciil!  is  }K‘ifmeni  S  I  he  nisi  registration  uji  me  ma/jo  iii  *■  •  ■  • » 

registered  Mil)  000  men.  Very  shortly  there  were  grave  differences  of  opinion 
as  lo  when  flic  first  call  should  he*  issued*  I  lie  Chief  of  Stall  asked  Ayres  if, 
(here  was  any  stalistieal  method  by  which ^to  ascertain  when  the  draft*  sl.oukl 
be  called*.  Ayres  said  “Yes",  and  then  sellout  to  figure  how  to  find  it.  The 
piouiciu  was  -to  match  the  number  of  men  to  the  equipment  available.  He 


i> .  Colonel  Leonard  I*.  Ayres,  Thr  !/m  oj  btawttu 
College,  Maj  4,  f940. 
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collected  all  the /information  he  could  about  everything  that  might  be  a  con¬ 
trolling  factor,  subjected  it  to  thorough  analysis,  hut  did  not  get  any  answer. 
Finally,  he  looked  at  the  problem  in  another  way  and  said,  “What  are  the 
minimum-;  essentials?  What  do  recruits  absolutely  have  to  have?"— -and  then 
passed  in  a  report  saying  the  draft  should  be  called  the  first  week  in  September 
without  explaining  how  he  worked  it  out.  Nobody  asked. 

The  draft  call  worked  out  very  well.  How  did  he  arrive  at  an  answer?  He 
..computed  the  dav  on  which  there  would  surely  be  in  every  camp  one  pair  of 
breeches  for  every  expected  recruit — the  one  item  he  regarded  as  absolutely 
essential. 


Another  pitfall,  is  -liie  effort  to  set  up  ;l  complete  model  .which  attempts  to 
treat  every  aspect  of  a  complex  problem  simultaneously.  What  can  happen  is 
that  the  analyst  finds  himself  critieiz&J  because  the  first  model  he  has  selected 
has  left  out  various  factors  related  to  the  situation  being  investigated.  Fie  is 
vulnerable  to  these  criticisms  if  he  doesn’t  realize  the  importance  of  the  point 
made  about  models  in  Chapter  4:  the  question  being  asked  as  well  as  the  process 
being  represented  determines  hie  model.  Without  attention  to, the  question,  he 
has  no  rule  for  guidance  as  to  what  to  accept  or  reject;  he  has  no  real  goals  in 
view  and  no  way  to  decide  what  is  important  and. relevant,  lie  can  only  answer 
criticism  by  making  the  model  bigger  and  more  complicated.  This  may  not  stop 
the  criticisms,  for  something  must  always  he  left  out.  The  size  of  tiic  model  is 
then  determined  not  by  what  is  really  relevant  "but  by  the  capacity  of  the 
computing  machine. 

One  approach  to  designing  a  model  is  to  attempt  to  reduce  the-  teal  system 
to  a  logical  flow  diagram.  The  danger  of  this  approach  is  that  the  model  may 
tend  to  be  too  detailed  and  that  components  of  the  real  process  will  he  included 
that  contribute  nothing  to  the  question  to  he  answered.  For  this  reason,  it  is 
advisable  to  design  the  model  around  the  questions  to  Ije  answered  rather  than 


as  an  imitation  of  the  real  system.  i 

The  failure  to  put  sufficient  emphasis  on  the  question  in  the  design  of  the 
model  leads  to  another  pitfall:  the  belief  that  there  are  "universal”  models-— one 
mpdc!  :,av,  to  handle  all  questions  about  a  given  activity.  For  example,  t  has 
been  proposed  (even  to  the  extent  of  willing  a  study  contract)  that  a  general 
computer  model  for  strategic  air  war- be  set  up  to  supply  weapons  designers  with 
a,  systematic  evaluation  of  their  design  concepts  and  to  enable  the  Department 
of  Defense  to  evaluate  the  worth  of  alternative  “design  solutions  developed  bj 
competing  contractors.  . 

,Onc  argument  fui  such  a  model  notes  that  “the  choice  of  assumptions,  the 


forecast  of  the  future,  and  the  methods  of  analysis  have  a  quirked  inlluenee  on 
the  performance  and  physical  characteristics  of  the  ‘weapon  system  set  forth 
as  preferred  or  optimal";  therefore,  a  uniform  framework  would  mean  that 
“the  results  obtained  by  the  various  contractors  would  he  Comparable  since  the 
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cfTects  due  to  variation  in  the  assumptions  they  might  have  chosen  to  form  their 
models  would  have  been  eliminated”.  This  may  indeed  be  the  case,  but  will  the 
end  result  be  desirable?  A  rigidly  specified  framework  may  mitigate  one  sort  of 
undesirable  bias  by  making  it  difficult  for  an  analysis  to  be  used  to  rationalize, 
conclusions  already  otherwise  derived  by  ihfi  contractors;  hut  only  at  the  severe 
risk  of  introducing  other  biases. 

The  truest  fundamental  objection  is  that  such  uniform  framework  necessarily 
conceals  or  removes  by  assumption  many  extremely  important  uncertainties, 
therefore  tending  to  lead  to  designs  that  disregard  the  vniue  of  hedging  against 
those  uncertainties.  Another  is  that  if  such  a  model  were  used  to  indicate  which 
design  toibuy,  emphasis  would  soon  focus  on  how  to  make  the  design  look  good 
in  terms  of  the  model,  not  on  how  to  make  it  iook  good  against  the  enemy. 
Also,  even  if  efforts  were  made  to  keep  the  model  “up  to  date”,  this  would  turn 
out  to  he  impossible,  for  the  analyst  must  be  able  to  modify  his  model  in  the 
terminal  stages  of  his  study  to  accommodate  information  acquired  during  the 
early  phases.  Indeed,  i'h  a  problem  involving  the  struggle  between  tuitions, 
there  are  sq  many  factors  of  shifting  impoi  iance,  and  such  radical  changes  in 
objectives  .  and  tactics  arc  likely,  that  most  models  arc  obsolete  before  the 
recommendation's  from  the  study  can  become  accepted  policy. 

Systems  analysis  is  concerned  with  problems  whose  essence  is  uncertainty. 
Uncertainties  whose  probability  of  occurrence  is  more  or  less  objective  or 
calculable  can  be  handled  in  the  mode!  by  Monte  f  "arlo  or  other  methods.  The 
treatment  of  »uvh  uncertainty  is  a  considerable  practical  problem,  however,  and 
a  challenge  to  tlu:  analyst.  The  pitfall  for  model-builders  lies  in  accepting  this 
challenge  to  the  neglect  of  the  real  uncei  iainiies.  These  typically  involve  forms 
of  ignorance  that  cannot  be  reduced  to  probabilities,  and  their  consequences 
can  be  devastating  The  objective  in  system  studies  is  not  to  learn  what  can 
happen  in  a  given  situation  with  a  specific  probability  as  the  consequence  of 
physical  fluctuation,  but  to.  design  or  operate  the  system  so  that  any  fluctuation 
is  unimportant. 

;  Since  a  full  Monte  Carlo  investigation  may  seriously  expand  the  analysis,  it 
is  frequently  beiie.i  fust  to  carry  out  a  simple  expected -value  treatment,  deferring 
a  full  investigation  pf  fluctuation  phenomena  until  the  qualitative  aspects  of  the 
problem  are  fully  understood.  It  may  then  turn  out  to  be  unnecessary  to  perform 
these  more  complicated  taleulations  since  consideration  of  the  real  uncertainties 
may  make  trivial  the  effect  of,  any  statistical  uiicci  Utility.  •; 

When  planning  in  the  face  of  a  large  variety  of  urieeitaintips,  it  is  an  error 
not  to  keen  in  mind  that  some  improbable  event  or  combination  of  events  may 
occur.  For  example,  before  Pearl  Harbor  the  Japanese  used  war  gaining  tech¬ 
niques  to  analyze  the  possibilities  of  success.  They  must  have-  considered  that 
any  sequence  of  events  which  would  give  the  United  States  warning  would  lead 
tn  failure.  Yet,  by  a  strange  and  unlikely!  turn,  we  did  gel  Warning.  Just  as 
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strangely  we  ignored  li!  Such  a  combination  of  events,  or  at  least  all  the  billions 
of  them  that  mi^hi  have  arisen,  could  not  have  beeth  considered.  Such  even  Is 
or  sequences.  Remarkable  when  considered  singly,  are  characteristic  when  the 
number  of  possibilities  is  large. 

.'.A  serious  nitfall  is  to  ignore  uncertainly  or  to  trv  to  remove  it  by  assumption. 
Systems  analysis,  as  well  as  any  other  attempt  to  answer  the  same  questions, 
must  necessarily  face  uncertainly  squarely,  treat  if  as  an  important  element  in 
the  problem,  and  take  it  into  account  in  formulating  recommendations. 

•ii 
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I  he  decisionmakers  to  whom  an  analysis  is  presented  almost  always  have 
infot malion  that  may  not  he  known  to  the  analysts.  As  an  example  from  the 
military,  the  question  occasionally  arises  whether  under  some  very  special 
desperate  circumstances,  men  in  the  rai’iks  can  he  counted  on  to1  carry  out  a 
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the  best,  sou  red  <>f  information  on  tins  type  of  question. 

iTIto  Ihnaly  st  must  .be  prepared  to  have  his  recommendation '  modified  hv 
considerations  that  the  clients  alone  can  apply  to  the  problem  or  by  other 
diU'erenees  in  judgment.  I  01  -no- "th i iiy.  the  analyst  may  not  knpw  the  value 
syslcf i s  of  niiMj  who  ;«r*»  f*>  us1,'  his  nnnivsis  tor  tiocisiori.  i.i  ip.  3  serious 

pitfall  for  I  lie*  analyst  to  ci  iiiceiil  i  ale  so  complete!'.  on  the  purely  objective  anil 
scientific  aspects  ol  Ins  analysis  that  lie  neglects  the  .subjective  elements  or  fails 
to  handle  them  with  understanding.  ■ 

Since  the  analyst  knows  his  study  will  he  subject  In  scrutiny,  interpretation, 
and  | loss i hi v  fiuthei  analysis,  lie  should  make  his  subjective  judgments  known. 
Trust  is  essential  because  the  client  lias  lo  take  the  analysis  and  recommendation 
ol  any  study  team  in  a  large  part  on  faith.  I  he  client  usually  cannot  repeat  the 
stmly,  will  very  seldom  have  the  time  to  review  it  in  meticulous  detail, 'and  will., 
be  influenced  by  it  depending  on  his  .belief  about  how  the  analyst  reached,  his 

coiic!1.'' inns,  tic  caiuioj,  hope  In  ui;.isici  the  i.uiciy  n!  speeiali/ed  skills  that 
fieouentlv  go  into  a  complicated  analysis  At  best  lie  can  acquire  "enough 
back  ground  lo  identify  really  incompeloiii  01  paienthr  biased  work.  1  aith  in  the 
analyst's  pm  eh  teeimiea!  and  scientific  competence  not  sufficient;  s V5i.it  is 
requirqjl  is  a  similar  confidence  in  his  subjective  « i h I •  ■< ■< >«  I  rust  ivquifes 
disclosure;  tjhe  client  must  know  either  how  the  analyst  has  disposed  of  the 
subjective  elements  in  the  study  or  -whet her  lie  has  merely  accepted  and  used 
the  client's  judgments.  If  he  does  this  Inti  e  r  uncritically,  the  analyst. is.  not  using 
the  lull  potentialities  of  "analysis.11. 

No  ileeisionamkei  can  absoth  all  the  inhumation  piepared  lor  his  attention 
nor  .can  he  remember  all  he  pays  attention  lo.  Bui  whal  he  considers  and 
retains  may  he  I  he-' key  to  what  h& decides.  This,  in  turn,  liepeiiils  On  the  way  it. 
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is  presented  ami  his  confidence  in  the  men  and  organization  fium  which 
it  comes- -in  pnrifcular,  on  whal  kind  of  response  he  gets  to  his  questions. 
"I  here  should,  thefeiorc,  lie  ,i  general  admonition  to  the  analyst  to  keep  liis 
consumer  relations  good.  II  they  are  not  he  can  never  win  acceptance  for  his 
analysis.  In  his  presentation  lie  must  answer  questions  carefully  and  avoid 
expressions  of  condescension  or  a  style  of  communication  too  didactic  for  his 
client's  taste. 


Ir.  a  comparison  of  systems,  ii  is  a  pitta!!  to  put  much  faith  in  the  values  of 
the  viirinhh’v  which  determine  the  strategy  associated  with  the  best  system,  for 
the  model  was  proha  lily  designed  only  to  discriminate  he  tween  systems.  Thus  a 
cost  dlfeeti vciiess  analysis  that  indicates  missile  A  as  the  preferred  missile.. will 
also  indicate  that  to  obtain  the  maximum  effectiveness  (for  a  given  cost')  with 
missile  A,  a  specific  number  of  missiles  should  be  fired  on  a  certain  target.  But 
that  number  nay  be  of  doubtful  validity,  since  the  particulaih'model  may  have 
suppressed  ccr-ain  factors  important  for  this  very  point  hut  not  for  the  oyer-si! 
comparison.  -  .  ;j 

Sometimes  a  matheiffatical  model  nsec!  in  evaluation  problems  indicates  a 
preference  for  extreme  strategies,  such  as  the  prescription  to  throw  all  resources 
into  one  action  over  an  initial  period  ot  -time  and  then  suddenly  switch  all  of 
them  to  another,  action.  For  example,  one  tactical  stiulv  indicated  that  for  the 
first  few  days  all;  offensive  aircraft  should  l!bc  used  against  the  enemy  air  forccs. 
and  then  suddenly,  for  the  rest  or  the  campaign,  everything  should  be  used  in 
close  support  of  troops.  No  war  has  ever  been  fought,  in  this  iway.  and  one 
should  Ire  extremely  dubious  about  such  an  extreme  strategy,  ibis  may-lie  the 
correct  solution  for  the  model,  hut  a  model  cannot  reflect  all  of  the  smooth  ing¬ 
out 'factors  present  ip  the  real  world,  droops  not  opposed  by  eucmv  aireralt 
cannot  be  expected  to  follow  the  model's  equations.  This  does  not  mean  that 
such  calculations  are  of  no  value,  but  that, modifying  circumstances  must  he 
considered  hjiTore  s^ieh  solutions  can.,  he  offered  as  operational  guidance.  Too 
"neajt  a  solution,  puiticulaily  if  it  goes. against  established  experience  aful  intui-*. 
lion.,  should  he  viewed  cautiously. 

Administrators  sometimes  feci  lit  Lit  one  ot  the  worst  characteristics  of 
systems  'uialvsfs  and  operations  researchers  is  ilud  uiey  want  to  make  haste 
changes  in  a  study  alter  the  work  is  hall  done,  this  icsnlts  in  u  great  deal  o! 
“wasted  work  ’  and  means  that  deadlines  are  not  going  to  he  met. 

I  *  is,  of  course,  quite  true  that  making  a  major  change  in  a  study  at  a  late 
stage  means  that  much  ot  the  early  work  is  not  used,  aia!  because  such  a 


change  may  involve  .1  great  dea.l  of  additional  work,  that  deadlines  may  not  he 
met.  I  'm  these  reasons,  some  analysts!1  when  they  are  oiu-.-half.  two-  thirds,  or 
ihrec-fourths- through  the  study  may  not  pause  to  evaluate  what  they  have  done 
thus  far.  A  periodic  reappraisal  is  valuable,  hovvpver,  because  as  the  study 
progresses  the  analyst  broadens  his  understanding  of  its  scope  and  purpose. 
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Stocktaking  that  results  in  junking  a  major  portion  of  the  work  indicates  that,. a 
reappraisal  was  especially  necessary.  ■  •  j, 

A  practice  that  can  lead  to  serious  error  is  suggested  by  the  following 
statement:  “If  several  alternatives  have  similar  cost  and  effectiveness  and  if 
these  results  are  quite  sensitive  to  the  values  assigned  the  inputs,  some  other 
basis  for  decision  must  be  found”.  This  may  amount  to  saying  that  if  after 
honest  analysis  we  are  fundamentally  uncertain  about  which  of  several  alter¬ 
natives  is  best,  the  issues  should  then  be  resolved  on  the  basis  of  stupe  specious 
side  criterion  not  originally  judged  adequate  to  discriminate.  This  implies  that 
unique  optimization  results  are  not  to  he  trusted,  and  therefore  that  they  should 
not  be  trusted?  On  the  contrary,  thfc  point  to  stress  is  that  the  decision  must  be 
made  on  the  basis  of  forthright  recognition  of  the  fundamental  uncertainty. 

Without  question,  an  analyst  is  in  a  position  to  bias  the  conclusions  W  a 
study,  for  example,  by  judicious  selection  of  the  alternatives  for  examination 
and  of  the  variables  he  chooses  to  include  in  his.  model.  Doing  ibis  deliberately 
to  impose  his  personal  preferences  is  certainly  unethical.  ■  » 

Along  this  line  are  pitfalls  which  are  almost  impossible  for  the  analyst  to 
avoid.  For  example,  as  a  personpesponsibie  for  predicting  the  outcomes  tof  on¬ 
going  processes  or  (fends,  he  may  frequently  he  liable  to  severe  punishment  for 
being  wrong,  but  rarely  rewarded  for  being  right.  This  does  not  always  en¬ 
courage  him  to  say  what  he  thinks  is  the  best  thing  to  do.  Suppose,  for  instance, 
he  is  an  investment  analyst!and  he  thinks  his  boss  can  make  a  killing  by  buying 
certain  stock.  Say,  if  the  boss  invests  $  i 00  000  in  this  stock  the  chances  aic 
three  to  one  lie  will  lose  it,  but  there  is  one  chance  in  four  that  he  will  increase 
it  tenfold.  Suppose  there  is  another  investment  available  which  lias  a  100  per 
cent  chance  of  bringing  in  $  10  000.  Ilis  expected  gain  from  the  first  investment 
is  $  175  000  in  contrast  to  $  10  000  from  the  sijicorjd.  Suppose  also  that  the  boss 
is  rich  enough  to  afford  the  loss  of  S  100  000  several  times,  li  may  be  extiemely 
difficult  for  the  analyst  to  tell  him  just  point  blankfto  make  the  investment,  that 
will  maximize  his  expected  gain.  After  all,  three  tithes  out  of  four  the  boss  wi() 
take  the  terrible  loss  and  as  a  result  may  fire  him.fl'his  illustration  shows  that, 
courage  has  its  place  in  this  field  as  well  as  in  others. 

It  is  sometimes  assumed  that  whoever  understands  the  engineering  details 
and  is  able  to  design  the  computation  is  also  fit,  without  further  study,  to  carry 
ollit  the  analysis  as  a  whole.  This  is  like  saying  that  whoever  is  fit.  to  build  a 
house  is  lit  to  design  one.  The  builder  and  the  architect  may  have  many  of  the 
same  abilities  and  their  training  may  be  almost  the  same,  but  skiii  in  one  iieiu 
does  not  necessarily  mean  skill  iri  the  other. 

i  Out  of  context,  these  “pitfalls”  we  have  mentioned  seem  so  obvious  that  one 
■wonders  how  they  could  have  led  to  error  a  first  time,  let  alone  be  repeated.  One 
has  only  ),o  examine  actual  analyses  to  fini[J  that  they  are  still  present. ^  Our  hope 
is  that  as  theory  develops  they  will  occur  less  frequently. 
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Iri  audition  to  siniiu)ai  izing  the  joints  made  earlier,  this  last  chapter  Attempts  , 
to  indicate  the  limitations  of  syst&ps  analysis  and  its  alternatives.  For  emphasis,  ■ 
the  summary  is  presented  as  two  lists.  The  first,  collects  many  of  the  principles 
or  precepts  suggested  in  earjfjcr  chapters  as  essential  to  good  analysis.  The 
second  cites  questions  that? anyone  who  is  expected  to  act  on  fhfc  basis  of 
another’s  analysis  (or  even  the  analyst  himself)  might  ask  to  clarify  his  thinking 
about  or 'uncover  weaknesses  in  a  study. 
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Systems  analyses  are  undertaken  iv.  nr.. vi.i.-  v  . 
decisions  in  which  rigorous  quantitative  •analysis  can  only  provide  part  of  the 
solution.  1  he  man  who  ejects  to  net  on  the  basis  of  somtfpne  eWs  analysis 
needs  more  than  conlidencd  in  the  qualifications  of  the  analys't  to  assure  himself 

that  t lie  work.  i  *»  •  »'*»  ..i..  u,.  _ i ,,  ....  *i _ _ _  i  i  .  *  , 

'•*  iiv.nit.us,  at  uic  vci y  icasi,  to  under- 

sLand  the  important  and  linidshncnlal  principles  involved.  The  executive  or 

decisionmaker  does  not  ordinal  ily  have  the  time  or  ireqiiently.  the  training 

necessary  to  work  through  till  the  aspects  of  the  analysis  Hand' to  Understand 

those  that  he  cannot  accept  intuitively.  Therefore,  he  must  resort- to  questioning 

the  analyst.  With  these  questions  he  attempts  to  intake  sure  that  the. study;  has 

neyn  conducted  according  to  gene. ally  accepted  principles  of  good  analysis, 

.  that  the  analyst  has  ptupcrly  comrpnni.cated  the  neeessaiy  doubts,  and 

that,  it  the  conclusions  arc  not  acceptable  to-  common-sense  reasoning,  lie 

understands  why. 

To  help  the  man  who  must  act  on  the  results  of  Analysis,  we  have  assembled 
two  lists,  I 'he  first  of  these  collects  principles  or  precepts  that  are  compatible 
with  good  practice  in  analys;-,  involving  ju ohlcms  of  decision.  The  second  lists 
questions  that  a  user  might  ask  to  elaiify  his  thinking  about  or  uncover  possible 
weaknesses  in  a  systems  analysis1. 

fUiif  qrtunately,  even  <i  iiiese  lists' were  firm,  they  cotbu  not  ijje  guaranteed 
to  be  very  helpful.  Ol  course,  no. one  would  expect  to  finli  a  device  suitable  lui 
nmcnanical  evaluation  ot  a  complicated  analysis  “by  tlic  numbers  ’.  As  for  the 
principles  presented,  iiiese  generalizations  are  not  unrestricted  or  universal  like 
tile  laws  of  physical  science.  No  one  car:  say  with  assurance,  “hollow  these 
principles  and  you  can  l  go  wrong  .  One  ran  say  that  they  arc  more  true  than 
false-  (although  In  some-  cases  even  ibis  may  be  a  matter  of  opinion).  They  are 
presented  us  common-sense  propositions, » not  as  a  list  of  rules  oi  ujcia  that 
might  substitu-v.  lor  thinking  or  for  knowledge  gained  by  experience  and 
education.-. 

.  .  i 

1  Donald  M.  Foil  of  kand  suggested  that  such  a  list  might  be  useful  and 
contributed  some  sample  questions. 
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17.1.  I’hh  f  ins  . 

■  1.  Ihe  design  of  l lie  analysis  is  crucial.  A  large  share  of  the  ell'ort  by  the 
lenders  of  a  project  most  be  invested,  in  thinking  about  the  problem,  exploring 
its  proper  breadth,  trying  to  discover  ihe  objectives  of  the  systems  or  opera 
tjons  under  consideration,  and  searching  out  good  criteria  for  choice.  It  is 
useful  to  know  as  much  as  possible  about  the  background, of- the  problem 
where  it  came  from,  why  it  is  impprlant;  and  what  /.decision  it  is  going  to 
assist.  Problem  formulation  necessarily  involves  a  greajt  deal  of  judgment,  and 
intuition  about  the  scope,  the  degree  of  detail,  and  the  level  of  optimization, 
but  this  .is ■ir field  for  analysis  as  much  as  the  rest  ol  the  study. 

2.  The  decision  about,  what  to  nnalv/.c  and  whai  to  treat  by  assumption  is. 

•;  ;  'I  '  -  l! 

he  significant  otic.  If  an  assumption  begins  to  take  on  overwhelming  imporianee. 
then  it  should  he  re-examined.  '  ■  \ 

3.  The  investigation  may  require  many  cycles  or  passes  at  the  problem.  Any 
analysis  that  attempts  to  make  use  of  scientific  methods  is  essentially  an  iterative 
process.  Thus  it  may  happen  , that  the  tirsi  set  of  assumptions  and 'model  can.  do 
no  more  in  a  real-world  problem  than  help  to  decide  how  to  continue. 

4.  Setting  forth  possible  Conclusions  early  in  the  study  is  essential  to  the 
guidance  of  l|oer  analysis,  hut  the  analyst  must  stand  ready  to  discard  his  early 
j  notions  abou^The  solution  in  the  face  of  later  evidence. 

5.  Detailed  treatment  usually  should  come  late  in  the  study,  when  il  can  be 
important  in  discovering  misconceptions  and  mistakes,  l  .arly  in  the  study,  it  is 
generally  a  mistake  to  spend  much  time  on  relatively  well-understood  details  or 
complicated  models.  I'o  turn  up  ideas,  a  rough  treatment  of  many  models  's 
better  than  a  cat eful  anil  detailed  treatment  of  one. 

(S.  Systems  analysis  should  try  to  create  as  well  as  to  eliminate  alternatives, 
the  invention  of  new  alternatives  can,  be  much  miin:  valuable  than  exhaustive 
comparison  of.  given  alternatives,  none  of  which  may  .he  Very  satisfactory.  Ihe 
job  of  the  systems  analyst  is  thus  not  only  analysis  but.' also  design.  His  analysis 
..should  suggest  new  alternatives  ui  changes  in  given  ones  that  will  make  the 
preferred  systenv  or  operation  more  satisiuctory.  ;; 

7.  I  he  systems  analyst  should  spend  at  least  as  much' time  ..trying  to  make 
the  decision  problem  less  agonizing  as  trying  to  decide  wliat  the  decision  should 
he.  This  requires  attention  to  design,  not  merely  to  evaluation.  As  a  result  of 
suggested  modifications,  a  single  alternative  may  stand  out,  or  perhaps  choice 
among  competing  alternatives  will  he  seen  as  a  mallei’  of  mdillcrence.  A  model 
or  a  theory!  dial  icprescnts  the  performance  of  the  nnn poling  alternatives— 
■  hqjwevcr  usqjui  it  may  be — is  not  all  that.  Ihe  policymaker  wants. 

H.  in  all  analysis,  the  use  oi  models  is  inevitable,  in  systems  unai 
because  the l problems  are  complicated,  models  are  ..frequently  detailed  and 
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elaborate,'  requiring  the  investment  of  many  man  hours.  However,  it  is  the 
question-  not  the  model  that  is  important.  The  analyst  must  be  more  interested, 
in  the  real-world  problem  than  in  the  idealized  model  he  uses  to  compare  the 
alternatives.  He  must  he  snore  interested  in  practical,  questions  that  demand 
answers-  than  in  the  intellectual  and  mechanical  gadgets  used  to  get  solutions. 

9.  For  most  phenomena  there  are  fnany  possibly  representations;  the 
appropriate  model  depends  as  much  on  tfie  question  being  asked  as  on  the 
phenomena  ahout  which  it  is  asked.  There  are  no  “universal”  models;  no  one 
model  can  handle  all  questions  about  a  given  activity, 

10.  Compromises  are  necessary  in  model  building.  When  there  is  a  choice, 

it  is  almost  always  better  to  sacrifice  workability  for  a  more  adequate  represen¬ 
tation  if  the  process  being  modeled.  ; 

!  .  In  economic,  military,  and  industrial  problems,  a  clearly  defined 
.ii.ithematical  formulation  is  fundamentally  difficult.  But  after  this  formulation 
is  complete,  sophisticated  mathematical  techniques  may  frequently  be  useful 
in  obtaining  the  best  solution.  No  matter  how  difficult  the  equations  or  com-1/ 
plicated  the  analyses,  some  sort  of  approximation  can  always  be  made. 

12.  Computations  with  models  and  machines  are  frequently  valuable  not 
„  because  they  piovc  results,  hut  because  they  lead  to  more  and  better  analysis 
at  the  intuitive  level. 

I 

.13.  A  computing  machine  can  help  only  in  problems  that  the  analyst 
iqnows  conceptually  how  to  solve  by  himself. 

14, :  Military  decisionmaking  must  rely  mainly  ori  using  a  great  many, 
partially  formulated  and  largely  intuitive  judgments  by  experts  in  the  field.  By , 
introducing  a  precise  structure  and  terminology  the  model  is  primarily  an// 
eifectivc  means  of  communication,  and  through  a  feedback  process  helps  the] 
experts  arrive  at  a  clearer,  understanding  of  their  subject  matter  Completely": 
objective  decisionmaking  is  an  ideal  and  should  be  so  recognized,  if 

15.  In  conflict  situations,  the  effect  of  the  enemy’s  or  tbrd; “competitor's 
decisions  on  those  of  the  analyst,  and  vice  versa,  must  be  taken  explicitly  into 
account.  This  inquires  analysis  of  the  enemy's  or  the  competitors  systems  and 
operations.  Countermeasures  and  counter-countermeasurcs  must  be  considered. 

id.  A  study  tlmt  attempts  to  influence  policy  must  make  a  convincing.; 
comparison  of  alternatives.  This  implies  that  the  analysis  may  have  to  be  done 
in  two  parts:  one  to  find  out  what  to  recommend  and  a  second  to  make  the 
recommendations  convincing. 

17  Alternatives  policies,  systems,  or  courses  of  action — irtust  he  com¬ 
pared  in  the  same  contexts,  That  is,  the  objectives,  costs,  and  risks  of  a  first 
alternative  must  be  compared  with  those  of  a  second  in  a  context  that  includes 
everything  pertinent  to  both. 
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18.  Systems  analysis  should  he  systems  oriented.  Hmphasis  should  be 
placed  on  the  simultaneous  consideration  of  the  major  relevant  factors,  even 
if  this  requires  use  of  a  crude  and  imprecise  model  or  unaided  (hut  explicit) 
judgment.  Rather  than.'/ reduce  the  problem  to  component  parts  by  deliberately 
neglecting  their  interactions, -the  analyst  tries  to  extend  the  systems  boundaries 
as  far  as  necessary  to  determine  which  interdependences  are  important,  and 
then  studies  the  total  complex  system. 

19.  The  type  of  problem  systems  analysis  is  designed  to  harm  I  e  usually 
calls  for  an  interdisciplinary  team  'consisting  of  persons  with  a  variety  of 
knowledge  and  skills.  This  is  not  merely  because  a  complex  problem  is  likely 
to  involve  many  diverse  factors  which  cannot  be  handled  by  a  single  discipline. 
An  even  more  important  reason  is  that  a  problem  looks  different  to  an 
economist,  to  an  engineer,  or-  to  a  sociologist,  say,  mid  their  different 
approaches  to  (he  problem  contribute  to  finding  a  solution. 

20.  Insofar  as  possible,  a,  systems  analyst  should  try  to  use  the.  methods 
of  science  and  to  establish  the  same  traditions.  He  should  be  objective  and 
quantitative;  a|i  his  calculations,  assumptions,  data,  and  judgments  should  be 
made  explicit  and  subject  to  duplication,  checking,  criticism,  and  disagreement. 

■21,  It  is  necessary  to  iook  for  ideas  and  new  alternatives  as  well  as  for 
facts  and  relationships.  Unless  we  have  ideas  and  alternatives,  there  is  nothing 
to  analyze  or  to  choose  between.  Byt  ideas  arc  easy  to  kill  at  the  start  before 
one  knows  enough  about  them  to  evaluate  them. 


22,  Inquiry  can  never  be  complete.  The  decisionmakers  responsible  for 
action  must  get  along  without  all  (lie  additional  analysis  that,  given  more  time, 
could  have  been  done.  They  must  add  considerations  that  the  analysis  could 
not  or  diil  not  have  time  to  deal  with.  t 


23.  Analysis  is  as  applicable  to  problems  of  research  and  development  as 
it  is  to  other  problems  of  choice. ^lowever,  Ihe  parameters  for  comparing  the 
performance  of  several'V.ystcms  ato  subject. j to  great  uncertainty — as  is -always 
(hr.  i:aso  when  research  is  involved  and  usually  when  development  isi  under 

'  ••i1 

way.  Analysis  is  then  likely  to  bo  more  useful  in  Dointing  out  where  further 
information  would  be  particularly  valuable  and  liojv  to  get  it  than  in  evaluating 
oi  specifying  the  “best”  system.  But  analysis  alone  cannot  locate  all  the 
theoretical' and  empirical  knowledge  required;  experiment  and  development 
cannot  be  replaced  by  systems  analysis.  ; 


24.  Real  uncertainty  that  cannot  be  removed  by  further  analysis,  is  always 
present  in  any  study  of  the  real  world.  It  must,  be  explicitly  treated  and 
analyzed  to  determine  its  consequences. 


25.  In  a  complex  real-world  problem,  full  optimization  over  the  entire  scope 
of  the  problem  is  ordinarily  beyond  the  capability  of  analysis;  hence  decisions 


SPM  MAR'i 


|  IV.  17 


must  be  reached  through  judgment  based  on  incomplete  optimizations  or  sub-, 
optimizations.  J  o  lessen' the  possibility  of  introducing  error  by  tin  incomplete 
optimization,  it1  is  necessary  t’o  (a)  cheek  for  consistency  of  criteria  and 
objectives  between  the  present  level  of  ontjmization  and  possible  higher  levels 
of  optimization,  (b)  consider  tjie  value  oi  ilie  resources  or. alternatives  used  for 
other  objectives; 'and  (e)  estimate  at  ieasl  roughly  bow  the  opeiution  or  system 
being  investigated  helps  or  hinders  other  operations  or  systems. 

2b.  Costs  are  a  guide  in  choosing  among  alternatives  and  ris|cs.  lt  is  impor¬ 
tant  to  cost  alternatives  in  some  appropriate  sense,  however  approximately, 
prior  to  choice.  Otherwise,  we  cannot  know  which  alternatives  will  contribute 


it  .\ 

27.  The  traditional,  conventional,  or  plausible  way  of  carrying  out  a  task 

is  not  the  only  fyay.  Usually  a  great  variety  of  ways,  each  .tVith  its  particular 
advantages  and  disadvantages,  benefits  Titkl  costs,  certainties  arid  risks,  can  he 
weighed  hv  analysis,  liven  if  die  analysis  cannot  produce;  a  convincing  com¬ 
parison  of  the  relevant  alternatives  say,  because  no  satisfactory  criterion  can 
be  found-  the  preparation  of  n  list -of  alternatives,  together  with  their  conse¬ 
quences,  and  the  possible  recognition  or  discovery,  of  new  ones  makes  the  effort 
worthwhile.  ' 

28.  it  is  an  error  to  assume  that  anyone  who  understands  tla-  engineering 
or  operation ai  details  and  can  carry  out  the  computation  is  also  fit.  without 
further,  knowledge  or  training,  to  design  the  investigation  as  a  whole. 

SlT  In  broad  policy  questions,  an  alternative  cannot  he  preferred  merely 
because  it  is  the  lowest-cost  choice  in  a  single  cost  effectiveness  comparison, 
liven  at  best,  such  a  comparison  can  reflect  only  the  most  probable  I  ut tire 
circumstance. A  preferred  alternative ,  should  also  go  a  long  way  toward 
achieving  the  ..objectives  in  less  probable  or  even  m  many  improbable  situations 
--anil  we  would  even  like  it  to. oiler  a  good  chance  to  attain  many  of  the  lower 
priority  objectives  always  present. 

i  LI.  Uut.siioNS  ^ 

Many  systems  analyses  and  operations  research  studies  me  icporled  to  the 
sponsor  in  an  elaborate  briefing  or  an  impressive  brochure  that  can  conceal  as 
well  its  reveal  the  analysis,  is  there  •mv  way  that  the  recipient  of  such  a  report 
can  guard  against  the  possibility  of  I  ias  or  error  and  he  sure  that  lie  under¬ 
stands  the  implications  of  the  study?  Not  with  -certainty,  unless  he  can  follow 
the  work  in  detail,  llowevei,  one  traditional  way  that  helps  is  to  ask  questions 
ul  the  analyst.  ' 

Ol  course,  no  list  of  general  questions  can  be  prepared,  independent  of  the 
'pm  Menial  analysis,  to  guarantee  a  good  evaluation,  but  such  a  list  may  at  least 
n nimd  Hu  client  and  the  analyst  of  considerations  otherwise  overlooked. 


IV. ,I7|  It  I  l  All'll  l  VI  ION  .1  ?. 

Although  specific  questions  about  points  made  in  the-  study  are  likely  to  be 
more' effective.  the.  following  general  questions  may -help  both  the-  analyst  ami 
the  evaluator.  ., 

1.  Does  the1  project  leader  appear  to  have  a  fair  background  knowledge  of 
the  subject  area?  I;f  he  doesn’t,  is  there  some  compensating  reason  why  he 
should  he  leading  the  project? 

2.  Does  the  preliminary  formulation  show  an  understanding  of  what  needs 
to  he  done  to  till  in  the  gaps  in  our  knowledge?  Does  the  proposed  approach 
look  promising? 

.  .'.  is  the  process  an  oigam/ed  one?  Is  there  a  timetable  showing  wind 
sUhsibdies  are  to  be  done  and  when?  is  iheie  a  lum  L'MhVUiiv  ?  Is  tin;  re  itii 
uWarentss  of.  who  should  he  working?  Or  is  this  a  study  wlioie  it  is  belter  to 
for4i*t  . i In uit  oriMiiization? 

The  next  question  could  he  asked  early  as  well  as  late  in  tlac ■  analysis. 

4.  'What  is  the  purpose  of  the  analysis?  Is  it  to  determine  the  one  best 
course  of  action?  Or  is-  it  merely  Id  provide  information,  which,  although  not 
adequate  ax  a  sole  basis  for  choosing  the  best  course  of  action,  might,  he  helpful 
in  making  the  choice?  Or  is  it  to  justify  a  particular  action  in  which  the  analyst 
or  the  client  has  .a  vested  interest?  (A  manufacturer  may  only  he  trying  to  show 
how  his  particular  design  tits  into  an  operational  context,  using  the  systems 
analysis  mainly  to  determine  whether  there  is  some  important  tai  lor  missing 
ni  hi;  design,  in  that  ctv.s  the  analysis  should  not  he  used  to  select  one  design 
for  develo|>ineut,  excluding  other  possibilities  ) 

5.  Who  is  doing  tlm  analysis?  While  disinterest  does  not  guaiarilee.  objec¬ 
tivity,  inleiest.  on  the  other  hand,  can  definitely  lead  to  shortsightedness.  And 
an  analysis  by  an  agency  with  access  to  competitive  data  should  in:  more 
r-ljahle  than  one  by  a- single  contractor  who  cannot  really  do  more  than  make 

.-good  case  for  his  product. 

0.  What  dccisihii  is  the  analysis  concerned  with?  f  an  the  analysis- help  with 

tl  i  1 

1  Mill  ULLlrtlDl  t  ■ 

7.  Who  must  make  ihe-  decision?  Is  it  to  he  made  hy  a  single  individual 
or  agency?  if  not,  does  the  analysis  distinguish  among  matters  to  he  decided 
mion  hv  different  individuals  or  agencies? 

K.  when  must  or  should  the  decisions  he  made?  Does  the  analysis  distin¬ 
guish  between  matters  that  require  decisions  soon  and  others  Jon  which  final 
commitments  can  be  postjwned?  • 

9.  What  alternative  decisions  about  courses  of  action  are  considered  in  the 
analysis?  Have  any  b^eii  igiuncd?  - 

10  Does  the  analysis  ignore  any  related  factors  that  should  be  considered 
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jointly  with  the  problems  in  the  analysis?  If  so,  could  consideration  of  such 
joint  decisions  currently  affect  the  conclusions  of  the  analysis?  For  example,' 
consider  an  analysis  to  determine  a  choice  of  missiles  for  the  strategic  force. 
If  aircraft  arc  also  to  be  used  in  the  force,  the  number  and  type  of  aircraft  with 
the  same  mission  must  certainly  he  affected  by  the  choice  of  missiles, ..and  hence 
should  be  considered  at  the  same  time. 


11.  Are  all  the  alternative  actions  considered  in  the  analysis  really  possible? 

rtf  ,  v  I  aid  t  Krt  rtl  I  *aa  l  aa.at  •  4-  t  b  ■  ,  u  ^  a-4  1  >•*  .,  I.  i  ,  ..  ]  i  A  _ _  _  _';fc  _  .  *  _  j':  I.  1  .  11*  .  -  J. 

riw *-,  bwljiU  1. 1 1 c_  uiiiuiIuuhjii  vji  me  unautljiiuunj  auui  i iuli yw  luiium vanlV  ailC'JL 

,fi  .  J 
the  conclusion?  For  example,  some  alternative  actions  that  are  perfectly  feasible 

in  an  economic  or  a  military  sense  arc  impossible  because  of,  political  i-iilfur-.i! 


iltrv  t  '.i  ii  iM(  1 1  'i  ;  i  ii  1 1 1 1  s  1 1 1  ■  k  1 1 1  >  w  1 1  in  irii*  :in:ilwi 


12.  Does  the  'analysts  ignore  any  consequence  of  the  decision  that  should 
be  considered  in  making  the  decision? 


13.  Ari?  the  assumptions  explicitly  .stated?  Arc  there  alternative  assumptions 
not  explicitly  considered  in  the  study  which  might  be  just  as  reasonable?  Are1 
the  assumptions  unusual  in  any  important  respects?  Is  it  possible  that  some 
plausible  assumptions  might  invalidate  the  conclusions?  If  some  conditions 
could  change  the  conclusions,  are  they  indicated? 


l'l.  What  is  the  basis  for  tire  preliminary  elimination  of  inferior  alternatives 
in  the  analysis?  Is  the  elimination  based  on  a  formula,' on  judgment,  or  on  both? 
If  formulas  are  employed,  what  are  the  constraints?  If  judgment,  who  is  exei 
cising  it  and  what  aspects  are  taken  into  account? 


15.  Do  the  decisionmaking  criteria  appear  r'.-'.-r-ynpH-'0  Are  A 
with  higher  level  criteria?  Arc  there  other  criteria  that  would 
reasonable? 'Are  the  conclusions  sensitive  to  the  criteria? 


M'  orjpi'n-Jpnf 

also  appear 


16.  Does  the  systems  analyst  fully  disclose  his  subjective  judgments?  Where 
judgment  is  used,  is  the  logic  behind  the  opinion  made  explicit? 


17.  Does  the  analysis  lose  effectiveness  by  passing  the  buck  to  the  decision- 
maker?  That,  is,  does  the  analysis  fail  to  go  far  enough  in  eliminating' inferior 
alternatives?  ’ 


IS.  Arc  the  results  of  the  analysis  presented  in  a  useful  fqrm,  with  the 
conclusions  spelled  uut  so  that  they  arc  meaningful  to  the  recipient? 

19.  Are  the  limitations  of  the  analysis,  as  well  as  its  t»notl  features,  pointer! 
out  clearly  and  candidly?  " 


20.  Does  the  analysis  provide  some  relatively  simple  rules  for  computation 
or  for  any  scheme  that  the  decisionmaker  can  use  to  eliminate  inferior  actions 
himself?  Can  he  do  this  by  judgment,  or  is  some  formula  that  is  buried  in  the 


study  required?  For  instance,  are  the  relevant  outcomes  shown  for  each  alter¬ 


native  under  various  possible  circumstances? 
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21.  ,  Arc  the  conclusions  intuitively  satisfying?  Di'jes .the  study  support  the 
conclusions?  li  thc« conclusions  appeal  to  the  intuition.!  does,;this  appear  to  be  a 
ease  where  the  conclusions  could,  have,  been  reached -anyway  on  the  basis  of 
intuition?  If  the  conclusions  arc  intuitively  unappealing,  does  this  appear  to  be 
a  easy  where  intuition  has  been  shown  to  be  unreliable?  Or,  on  the  other  hand, 
is  this  an  indication  that  lire  analysis  may  he  unreliable,  pemaps  because  it  has 
ignored  some  subtle  and  analytically  intraetihle  considerations  which  an  in¬ 
tuitive  approach  would  have  taken  into  account?  - 

22.  !f  there  are  special  cases  ifl  which  the  conclusions  arc  known,  are  these 
conclusions  consistent  with  the  genc'.rq]  ones? 

23.  Is  the  significant  problem  being  considered,  or.  is  a  related  problem 
ready  the  significant  one? 

24.  Does  the  analysis  allow  for  uncertainties  about  the  correct  form  of 
relationships  in  the  model,  or  for  the  future  environment,  or  for  probabilistic 
uncertainties,  as  well  as  for  uncertainties  in  the  parameter  values  employed? 
Docs  the  analysis  distinguish  between  these  types  of  uncertainty? 

25.  What  contingencies  were  considered?  Have  any  obvious  ones  been 
ignored?  If  probabilities  are  assigned  to  various  contingencies,  are  they  intended 
to  represent  subjective  or  objective  probabilities?  If  subjective,  whose?  Is  there 
any  question  as  to  the  legitimacy  of  assigning  probabilities  to- some  of  the 
contingencies?  Are  the  numerical  values  questionable? 

26.  Arc  enemy  oi  competitor  reactions  explicitly  taken  into  qtcount? 

27.  If  development  proposals  are  being  evaluated,  how  do  they  compare  on 
the  basis  of  commonly  used  “rules  of  thumb”  ns  fo  (I)  the  number  of  places 
in  the  design  where  "breakthroughs”  are  assumed;  (2)  the  number  of  points  in 
the  design  at  the  present  limit  of  the  engineering  stale  nl  the  art;  (3)  the  number 
of  proven  components  in  the  design;  (4)  the  quality  control  and  management 
control  proposed;  (5)  past  performance  on  similar. . designs  bv  the  contractors 
in  question? 

28.  Were  the  assumptions  of  the  model  made  explicit? 

29.  Is  the  model  adequate? 

a.  Does  the  model  represent  correctly  the  known  facts! and  situations? 

6  •! 

b.  When  the  principal  parameters  are  varied,  do  the  results  remain 
consistent  and  plausible? 

1  c.  Can' the  model  handle  special  cases  in  which  there  is  some  indica¬ 

tion  about  what  the  outcome  should  he? 

d,  pocs  the  model  assign  causes,  to  known  effects? 

30.  Doris  the  study  give  consideration  to  other  possible  models? 

31.  Arc*  the  recommendations  made  with  full  recognition  of  the  uncer¬ 
tainties  involved? 
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1 7.3.  i.N  Ri-.iRosi’Lt'i  - « 

in  general,  these  lectures  have  dealt  with  the  problem  of  what  can  and  what 
.should  he  done  by  s\ siei i is  analysts,  engineers,  and  scientists — including  social 
as  well  ;is  physical  scientists  to  help  people  who  must  make  decisions  in  the 
face  ol  real  uncertainty,  ft  is  this  uncertainty  that  makes  the  problems  difficult. 
A.  long-nuyge'nufuarv  problem  is  Comparable,  for  example,  to  the  problems  ol 
the  owner  of  a  racing  stable  who  wants,  to  win  a  hor^e  race  to  be  run  many 
years  hence,  on  a  hack  no!  yet  built,  between  horses  licit  yet  horn.  IV)  make 
matters  worse.,  the  possibility  exists  that  when  the  race  is  finally  run  the  rules 
may  have  been  changed,  the  track  length  altered,-,. and  the  horses  replaced,  by' 
greyhounds.  Yet,  in  spite  oi  such  uncenumi  v,  analysis  can  help. 

What  ate  the  limitations  of  analysis!  (\  J.  Ililch.  Assistant  Secretary'  of 
Defense  (Comptroller),  in  an  address  heloie  the  l  i.S.  Army  Operations  Research 
Symposium  ai  Duke  llniveisiiy  (Maielil  2 (>.  IVtii)  eli'ampioned  the  use-  old 
operations  research  at  lire  level  of  the  I  )ep:u  fnient  df  Defense.  He  remarked,  - 

...there  will  always  he  eouside'  at  ions  which  h<;ar  on  the  very  funda-' 
mentals  of  national  defense  which  are  simply  not  subject  to  any  sort  of 
rigorous,  quantitative  analysis,  it  is  not  even  possible  to  thaw  a  line 
between  those  which  are  and  those  which  are  not  the  gamut  encompasses 
a  wealth  ot  considerations  which  are  more  or  /ev.v  subject  to  analysis.  Thus,- 
there  will  necessarily  he  some  questions  which  are  outside  the  scope  ot  on;' 
analy  tical  technique.  I  or  this  reason  ulniv.  wv  cannot  expect  a  panacea. 
It  is  as  1 1  some  of  I  he  digits  had  been  tell  oil  tile  input  keyboard  of  our 
computer.  As  an  i-vample,  I  mighi  mention  consideral  iunit  of  the  morale 
of  our  forces.  How  do  von  qiianlitaiively  distinguish  between  men  who  ate 
highly  motiv.ited,  and  those  who  me  demoiali/ed?  In  fact,  how  ijo  you 
qiiiisa liad ■.  v.l>  pi ciln  i  whal  ii  is  dial  motivates  oi  discourages  a  man, 7  And 
wliidh  man?  I  he  i'acl.  that  we  cannei!  quaiiti/c  such  things  (and  there  arc 
many  other  similar  examples)  docs  not  mean  that  they  have  no  dleel;  on 
the  outcome  of  a  military  endeavor  it  simply  means  that  our  analytical 
techniques  cannot  answer  every  question. 


I  hat  .sue 1 1  is  the  ease  is  widely  I'lcogiu/cd.  particularly  by  those  in  Hied 
military  prulcsston  who  have  had  to  live  with  these  realities.  lint  does  mat 
mean  that  all  .maly  si,  ;hcc, 'UK--.  in,,  .intiigless.1  I  think  not.  !  vr  rv  bit  ol  die 
total  pioblein  that  calf  be  eoidiili  ntly  analv/ed  lemovcw  one  more  hit  ot 
inieei  taint  v  from  our  process  ol  makiiej.  a  choice.  While  I  can  hardly 
believe  that  any-  simiilicanl  military  pmbleni  will  ever  be  wholly  susceptible 
to  rigorous  "analysis,  !  ieei  jusi  as  eeiiain  iir.ii  minkin.i;  tec uniques  can 
aiiow  us  to  make  Mendicant  choices  yvilli  a  very  rcaHincrcasc  in  confidence. 


On  the  second  point'  that  such  techniques  constitute  a  potential  lm/.al'd 
as  well  as  a  potential  benefit  ■  these  is  a  wcil-kiioyvn  human  tendency-'-  to 
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believe  1 1 io  piimoii  word.  Hy  :fhe  same  token.  m  ilic.  design  of  mililurv 
forces.  there  is  a  ieiidencv  In  associate  analysis  with  eicdihilit v  patticii 
l.iiiv  if  the  magic  wore!  "computer”  is  nienLiyxn.ed.  !n  to.i't .  of  course.  the 
Machiavellian;- analyst  can  .'‘prove"  the  most  pulntgcous  theses.  But  lie  is 
nol  I  he  major  threat-  such  analyses  are  sullied  to  rebuttal  liv  equally  -\ 
clever  opponents.  The  real  threat  lies  not  so  much  in  deliberate  ileeeil  as 
'it  does  in  our  own  miperlections — inadverleni  omission  of  important 
laetors-  tin-  pyramidin':  of  enoneous  analyses  on  an  unsuspected  .fii line v 
,  •  subconscious  desires  to  substantiate  one's  previously  committed  position, 
and  so  oil.  .  / 

It  is  easy  to  exaggerate  the  degree  of  assistance  that  analysis  can  oiler  io  a 
policymaker.  I 'sing  value  judgments,  imprecise  knowledge,  ami  intuitive  i-sti- 
mates  ol  enemy  01  competitor  intent,  gleaned  either  fri'im  specialists  or  from  the 
policymaker  himself,  a  study  can  assess  the  implications  ot  choosing  one  alter¬ 
native  over  another  and  thus  help  the  decisionmaker  make  a  better  decision 
than  would  othenvise  he  made.  Biit  the  man  who  has  tlnjl  responsibility  must 
interpret  such  assessments  in  the  light  of  his  own  knowledge.-  ..values,  ansi 
estimates.  And  the  decision  becomes  his  own. 

•i 

Some  difficulties  prevent  full  optimization  through. ..objective  analysis  -such 
as  contradictory  objectives?  the  necessity  for  dependence  on  -subjective  judg¬ 
ment.  the  uncertain  implication  of  costs  ovci  time,  iiuiccurcfy  or  missing  data, 
and  the  freedom  of  action  available  to  the  enemy,  these  can  he  compensated 
for  to  some  extent  hv  the  policymaker:  for  example,  hv  teiupoi i/ing  decisions, 
decision".  Io  postpone  commilmeni  id  funds  even  when  such  postponement'-;, 
mean  higher  eosls.  pn-fen-iKC  I'm  decision-;  in  which  more  money  will  he  spent 
in  later  time  periods,  duplication  of  icsi-arrh  and  development  effort,  and  the' 
preference  for  iK; x i hie  and  inuUipiu  pose  systems.  Advising  such  actions  when 
they  are  appiopriale  is  (lie  role  of  analysis,  and  the  knowledge  that  they  are 
possible  caii  make  the  job  ei'lsier.  n 

How  1 1 ioi i  c,m-:w,  snmmari/.e  the  dau.iv-i  of  reliance  on  systems  aftalysis, 
opei ations  research.  cost  eiTcciiveiieSs  analysis,  i-tc  ,  in  defense  decisions'.1  hirst, 
since  certain  tai  lors  fundamental  to  national  del  disc  problems  are  .hots  subject 
to  rigimuis.  quantitative.  computer-based  analysis,  thee  may  pos>|ih!y  he 
nceleclcd.  dctibi-i atelv  sei  aside,  or  improperly  weighted  when"  a  deiijision  is 
based  on  Mu.;h' anaivsis.  Second,  the  analysis  may, .on,  the  smldse,  appear  so 
se.ieutit'.c  and  quantitative  tha-j  it  may  he  assigned  a  validity  not  justilietji  by  the 
many  subjective  judgli, ignis  involved.  But  better  analysis  and  earelnl  alientifin  1 
to  vheie  anaivsis  cnds'anil  jitilgmenl  begins  should  overcome  those  dangers. 

Systematic  quantitative  analysis  of  nulilaiy  questions  often  falls  short  of. 
being  scientific  research  because  pu-diclio.ns  ouiinarily  eaniiol  he  veiilicd  and  11 
the  urgency  of  military  problems  forces  the  substitution  of  intuition  for  verifiable 
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knowledge.  Tint,  in  contrast  to  other  aids  to 'decisionmaking,  it  extracts  every¬ 
thing  possible  from  scientific  methods,  and  its  virtues  arc  the  virtues  of  those 
methods.  Furthermore,  its  limitations  are  shared  by  its  alternatives.  And  if  \ye 
exclude  intuitive  or  “unbuttoned”  judgment,  then  in  a  sense  these  alternatives 
.  are  also  analysis,  but  less  systematic,  apt!  quantitative. 

One  alternative  way  to  handle  a  problem  is  to  turn  it  over  to  an  “expert'’  His 
considered  opinion  can  he  very  helpful  if  it  results  from  a  reasonable  and 
impartial  examination  of  the  fae.ts,  with  due  allowance  for  uncertainty,  and  if 
if  is  made  explicit.  For  if  it  is  explicit,  others  can  use  his  information  to  form 
their  own  considered  opinion.  But  an  expert  isacvcn  more  valuable  if  his  knowl- 
;;  .edge  and  opinions  can  be  used-  in  association  with  other  experts,  the  analytic 
approach,  with  iis  models  and  games,  is  essentially  a  device  for  providing  a 
framework  for  the  systematic- exploitation,  of  experts. 

Another  alternative  way  td  handle  u  problem  is  to  turn  it  over  to  a  committee. 
Now  although  there  is  no  real  reason  why  a  committee  should  not  engage  in 
systematic  analysis,  this  is  not  likely  to  happen.  Committees  Usually  accept  the 
problem  as  defined  in  advance.  Given  a  problem,  however*  the  very  first  thing 
that  should  be  done  is  to  determine  carefully  what  the  problem  really  is — not 
just  Study  how  to  make  it  go  •  away. , Committees  are  much  less  likely  than 
experts  to  make,  their  reasoning  explicit  since  their  findings  arc  usually  obtained 
by  bargaining.  A  group,  more  often  than  not,  strives  for  a  consensus,  for  an 
acceptable,  compromise  and  for  unanimity  in  place  of  originality,  precision, 
and  efficiency. 

Answers  obtained  trom  experts  or  from  a  committee  depend  largely  on 
subjective  judgment;  bforeover,  it  »s  difficult  to  determine  the  consensus  of 
these  judgments—  and  impossible  to  obtain  one  in  some  cases  although  tech¬ 
niques  exist  tor  just,  slich  a  purpose-. 

What  can  we  say  about  the  future  of  systems  analysis  and  operations  research 
in  defense  and  national  security  problems?  ' 

Resistance  by  the  military  to  its  use  in  broad  problems  of  strategy  is  gradually 
breaking  down.  With  regard  to  systematic,  quantitative  analysis  in  general,  the 
military  is  m  an  evolutionary  llux,  like  industry  in  the  thrives;  ot  automation. 

...  T,'  |! 

"■  Military  planning  and  strategy  has -always  involved  more  art  than  science;  what 
is  happening  is  that  ..the  art  ;|orm  is  changing  from  an  ad  hoe,  sest-ef-thc-pants 
approach  based  "on  iniuitioinjto  one  based  jim  quantitative  analysis.  I  he  military 
itself  has  changed.  In  the  olsl  Air  Force,  a!;mun  flew,  or  fixed  airerafMhut  Hew. 

n  ll 

Today  thq  ratio  of  stuff  loijJlicrs  is  increasing  to  tfie  point  wher-  liie  force 
appears  to  be  turning  tioinpjjctcly  int,o  stajjl. and  support  personnel.  Willi  this 
change  the  computer  is  liecil»uiing  inci  eas'ingly  .significant  -  as  an  automaton, 
a  process  conli  oiler,  a  service  trouble-shoofing  technician,  a  complex  irilorma- 


•  For  example,  the  DKLriir  technique  explained  in  Chaptei  K. 
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tion  processor,  and  as  a  derision  aid.  Hut  die  computet  i  .  no  more  dun  a  tool 
to  expedite  analysis,  even  in  narrow  military  eontexts  eonskjeratjons  not  subject 
to  rigorous,  quantitative  computer -based  analysis  are  always  present.  Big  deci¬ 
sions  cannot  be  the  automatic  consequence,  of  a  computer  piugram,  of  cost 
effectiveness  analysis,  operations  research,  or  any  applicuii6n  of  mathematical 
models,  or  of  systems  analysis. 

For  broad  studies,  involving  force  posture  and  composition  or  the  strategy 
to  achieve  foreign  policy  objectives,  intuitive,  subjective,  even  ad  hoc  study 
schemes  will  continue  to  he  used  bn!  supplemented  in  an  increasing  extent, by 
systematic  quantitative  analysis.  Anti  as  ingredients  of  this  analysis,  in  recogni¬ 
tion  of  the  need  for  judgment,  a  greater  use,  of  “scenarios.'’,  gaming,  and  tech¬ 
niques  for  the  systematic  employment  of  experts  can  be  expected.;-. 

These  essays  have  tried  to  demonstrate  the  necessity  of  abstraction  and  show 
its  nature  in  dealing  with  any  complex  problem  of  the  real  world;  to  explain,  in 
simple  language,  what  a  model  of  a  problem  is;  and  then  to  show,  by  examples, 
the  usefulness  which  explicit  models  can  have  despite  l heir  inability  to  be 
realistic  in  all  details.  The  alternative  methods  to.  answer  questions  of  decision 
wilhouL  explicit  analysis  also  necessarily  involve  .models.  However,  the  models 
involved  there,  because  they  are  implicit,  are  more  likely  to  be  dangeVnusly 
inadequate. 

the  analytic  method,  in  contrast  to  its  alternatives,  provides  its  answers  In 
processes  that  aiu  reproducible,  accessible  to  critical  examination,  and  readily 
modified  as  new  infoimutior.  become;,  available.  As  ius  been  pointed  out,  how¬ 
ever,  more'is  involved  than  the  collection  of  infoi mutton  arid  its  manipulation 
in  mathematical  models.  But,  whatever  approach  iy  MM.d,  asking  the  right 
question!;,  inventing  ingenious  alternatives,  and  skillfully  interpreting  the  results 
of  (he  computations  and  relating  them  to  the  many  uonquanlifiabfo  factors  arc 
all  part  Of  the  analytic  process.-’ These  steps  may  prove  more  helpful  in  decision¬ 
making  than  thousands  of  machine  computations  or  a  thorough  knowledge  of 
sophisticated  mathematical  techniques. 

At  the;  very  least,  systems'.' analysis  can  provide  a  way  to  choose  the  numerical 
quantities  related  to  a  weapon  system  so  that  they  aic  logically  consistent' with 
each  oijjei ,  with  an  assume^  objective,  and  with  the  calculator's  expectation  of 
the  fulijrc.  But  systems  analysis,  rather  than  simjlly  supplying  solutions  that 
correctly  follow  from  sets  ofj  arbitrarily  chosen  assiqnpiioiis,  «i:.pu  qx  solutions 
that  experience  will  confirm.  il  .  '  ;j 

It.  is  our  hope  that  this  hjjok  has  achieved  the  1  pi  lowing  "purposes:  ;; 

I  ,  A 

First,  that  it  has  created  a  favorable  attitude;  toward  the  use  of  systems 
analysis  as  an  aid  to  decisionmaking,  in  particular;  we  would  like  it  to 

.  .  .  persuade  i  lot  of  people,  including  a  good  many 
commanders,  that  il  is  appropriate  and  useful  to  approach  military 

•  .  "  „  .  '  !l 
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pioblems  ii.i  a  '  Neicnlilic  "  spint  of  inquirs:  1 1  i;i (  the  “iihimtiiv  of  wax'  arc 
iiol  immijjahte  and  sa:  i osanci.  hu!  iclatixe,  conditional  upon,  eircuni- 
stan.vs.  and  subject  to  analysis:  and  that  even  systematic  quantitative 
anaKsis  b\  civilian  scientist:;  can  on  occasion  he  helpful  in  making 
"strictly"  military  decisions11.  • 

Second,  Licit  it  has  instilled  just  the  right  amount  of  skepticism 3n  those  who 
believe  that  systems. analysis  or  operations  research  can  solve  evciy  problem  - 
and  jti.sl  die  right  uniuunl  of  belief  in  ih,ose  who  foci  that  it  can  solve  none. 

I  lie  cential  tlieino  ol  this  hook  has  been  that  w  hile  model  ifuilding,  which  is 
to  sn s’  quant ilal ive  anaKsis,  can  assist  the  deeisiomnakcr.  it  nijilst  lie  lempeietl 
with  c\|'ci  icin.'c.  uidt’inem  \uid  iomhinn.  AnaKsis  cannot  entirely  replace  other 
approaches,  hut  it  run  help  build  a  framework  in  which  thev  operate  more 
profitably.  It  is  no  magic  device  to  eliminate  all  uueertainU  •  from  decision- 
making.  and  the  systems  analyst  does  not  believe  that  lie  can  read,  the. I ut.i.ire  01 
that  lii.s  models  will  prove  a  sure  guide  i(>  tomorrow'.  He  does  heiieve,  however, 
that  to  solve  •successfully  the  problems  of  this  hazardous,  w  orld,  , it  is  necessary 
to  use  all  the  available  resources  ol  experience,  of  judgment,  of  intuition  and 
of  analysis.  _ 

:i  C.  J.  Hitch,  •'IJconomies  and  Military  Operations  Keseaieh",  Review  of 
/■.'nnioiiiitx  mul  Sfntixtics,  vol.  XI  ,  po.  i,  August  1 V 5 S ,  pp.  l*J't  200. 
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11k;  subject  of  flic  analysis  described  jn  Appendix  A  is  in  considerable  I 
contrast  to  those  ut  ilia  other  iecturex,  In  the  lunar  base  problem  heated  here. ; 
experiment  and  observation  must  remove  mam  of  [lie  uncertainties  before  any 
analysis  ean.be  used,  i(  ever,  to  determine  an  optimum  v>.  ay  to  pul  ;i  base  on 
the  moon.  In  the  meantime,  analysis  along  these  jlincs  can  help  tiigani/e;  our 
thinking  about  a  lunar  base,  determine  where  some  of  the  ptoblems  lie.  -and 
suggest  directions  for  research.  I  his  appendix  nUo  shows  how  the  structure  of 
an  analysis  of  a  complex  problem  can  he  desoiihed  in  nontechnical  language. 

We  hope  that  the  example  in  Appendix  It  is  more  typical  ol  the  systems 
analysis  done  in  the  past  than  of  that  to  he  done  in  the  fuluic. 
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Appendix  A  j, 

AN  i  NT  ROD  IJCTION 
TO  THE  LU  N  A  R  HA  S  E  P  R  O  B  L  E  M 

!i  E.  W.  PAXSON 

.<  A, 

**>* 

In  this  chapter  we  consider  the  problem  of  establishing  a  lunar  base  and 
illustrate  the  type  of  considerations  which  would  have  to  go  into  a  xvslems- 
analyticnl  treatment  of  such  a  problem. 

;;  S 

A.  1.  Hacks  on  thi-:  moon-!— uko  an’d  con 

.  .1  •, 
il 

“Lunar  base"  in  this  account  means  a  manned  base.  We  shall  not  argue  the 
question  of  whether  or  not  man  should  he  in  space.  The  fundamental  philo¬ 
sophical  argument  is  that  the  basic  biological  nature  of  man  will  force  him  t<> 
such  exploration.  A  variant  on  a  von  Karmaii  definition  is  also  .to  the  point.  In 
comparison  with  machines,  man  is  a  highly  flexible  servomechanism  made 
cheaply  and  quickly  by  an  unskilled  hut  enthusiastic  labor  force. 

The  proponents  of  miliiary  operations  on  the  moon  argue  that  missile. 'and 
reconnaissance  bases  sited  tlierg  would  distribute  the  enemy's  jhrgef  system 
clearly  in  space  and  also  in  time  sine-  ■.  iniwjb  diree  tori  against  inniu  oases 
would  spend  some  thirty  hours  in  transit  and  would  be  readily  detected.  Conse¬ 
quently,  .siniultjmeity  of  terrestrial  and.  lunar  attack  unU  lienee  siiiipri.se  would 
be  iiiauc  *«oy  uinicuit.  This  is  a  deteiieiiec-  argument,'  It  is  also;  argued  that 
missiles  could  K»  launched  readily  from  the  moon  under  one-sixth  ;jearth  gravity 
and  he  guided  to  targets  on  earth  in  lire  event  ok  war.  Also,  presumably,  the 
earth  would  h'e  under  continiitjus  observation  'with  a  resoi.utk)ii<;ol  50  to  100  feet. 
The  opponents  of  military  bases  on  the  moon  considei  ii  marine  to  take  missiles 
all  the  wav  to  the  moon  simply  in  order  to  shoot  them  hack.  They  also  argue 
that  4  far  less  edit  a  highly  dispersed  system  of  hardened;  bases  could  lie  set  up 
On  ihjf  earth.  ;;  ;; 

Selling  iiside  questions  >f  military  value,  icseareh  spientistij  consider  the 
iipoon'i'an  excellent  lahoiafoiy.  J.ow  giavity,  stability,  anti  tack  of  uti iiosplie.ru 
are  usually  put  forth1  as  the  primary  values.  Presumably,  experimental  work 
done  (in  the  moon  would  accelerate  not  only  space  technology  but  developments 
in  maijiy  aspects  of  earth  technology.  Mere  again,  opponents  believe  that  all 
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these  ad  vantages  could  be  achieved  at  a  .much  lower  total  cost  hy  placing 
laboratories  in  space  stations  orbiting  the  earth, 

lZcononiically.  no  one  considers  the  extraction -anti -processing -of  materials 
on  the  moon  lor  shipment  to  earth  a  paying  proposition.  However,  the  moon 
would  serve  as  an  excellent  communications  relay  point  and  as  'a  meteorological 
..observation  post.  Tourism  is  remotely  possible,  though  expensive.  The  economic 
arguments  arc  also  countered  hy  the  orbiting  space  station  proposal. 

A  final  persuasive  proposition  is  the  notion  that  colonies  On  the  moon  are 
essential  for  future  space  exploration.  In  a  colony,  as  distinguished  from  a  base, 
extraction  of  materials,  production  of  fuel  and  power,  and  fabrication  of  objects 
arc  carried  om  Such  fabrication,  extended  to  the  reproduction  of  people,  is 
clearly  the  cheapest  way  to  get  men  on  the  nipon.  Of  course,  arguing  for  space 
exploration  and  justifying  colonies  on  the  moon  on  this  basis  replaces  the 
“lunar  bases"  in  the  preceding  discussion  with  -“planetary-  liases". 

For  our  purposes,  it  is" not  necessary  to  t-akc  sides,  it  appears  'much  more 
appropriate  to  peiiorm  a  paper  analysis  of  the  entire  problem  This  is  not  only 
cheap  but,  in  its  own  right,  supplies  information  of  major  value  hearing  on 
decisions  about  lunar  bases. 

Assuming  that  an  analysis  will  he  performed,  one  common  feature  appropriate 
for  a  systems  model  can  he  abstracted  from  the  military,  scientific,  economic, 
and  colonial  arguments  above.  In  every  case  the  problem  is  to  achieve  useful 
productive  man  machine  output  hours  cut  thepnoon  over  and  above  the  effort 
required  fot  housekeeping.  In  t|ie  military  case  this  clearly  means  reconnais¬ 
sance  time  and  missile  alert  time;  in  the  scientific  case,  rescaich  hours.  The 
interpretation  is  obvious  for  the  economic  and  colonial  aspects,  t  onsequenuy, 
since  every  systems  analysis  must  have  a  •■preliminary  ejTerion,  we  offer  l he 
following  formulation:  t'or  any  piven  total  sum  of  money  to  he  expended  over 
tt  ;;ive/i  muntivtr  of  years,  what  method  of  seitinp  tip,  inaintaininy,  and  operating 

a  lunar  hnxr  M1uximi7.es  the  total  useful  output'.'  !l 

11 

)  ■  i 

A. 2.  S()MI  f-l.r.MUN  !  S  ()!•  JUX  KI'.V  I  !■<  UNO!  OilY  ij 

For  all  engines  a  common  index  ol  performance-  is  the  spec! fit  '-i'jjel  con¬ 
sumption.  This  is  “the  pounds  of  fuel  per  hour  consumed  per  pound  of  thrust 
achieved' Vi  his  .statement,  viewed  as  ;a  fraction,  can  lie  turned  upside  down  and 
restated  as  “pounds  of  thrust  achieved  pcrjpbund  of  fuel  consumed,  per  hour”. 

If  we  go  fiu'thei  and  consider  pounds  of  I U 2 1  consumed  per  second  ax  more 

,  ,  .  ,  .  t . 

'appmprinie  fnr  Hu?  n.ipmiy  tv*  11a11M.ru  1  urKt'l jj ianK.5,  wC  nui  up  wii.il  a  miixiiic 
snuai he  It  should  he  noted  that  dimensionally  the  “pounds”  01  I  Del  consumed 
cancel  the  “pounds”  in  thrust  achieved.  Hemic?  dimensionally,  specific  impulse 
is  expressed  in  seconds.  For  example,  a  specific  impulse  of  1 00  sec  is  read  in 
complete  form  as  200  lb  of  ihrust  for  each  pound  of  fuel  per  second  burned  [it 
the  rear  end. 
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Wilh  this  interpretation  if  is  dear  that  although  specific  impulse  is  measured 
in  seconds  ii  has  nothing  lo  ties  with  burning  time.  The  latter  will  he  determined 
by  the  total  amount  of  fuel  earned  and  humed.  II.  lui  example,  We  me  pui  mug 
500  Ih  of  fuel  per  second  and  are  working  with  a  specific  impulse  of  Jot)  sec, 
we  are,  getting  150  000  Ih  of  thrust  at  every  instant  during  the  huntiisg  time. 
If  J()  tons  of  fuel  are  carried,  (his  hut  nine:  time  is  Uvo  minutes.  Now  the  mass 
of  dia  roi-Lat  m  hurnimi  I'ivinni'c  rapidly  because  iif  file  great  fttcl  cortsum.pt ion. 
This  decreasing  rocket  mass  times  tiie  acceUu uiion  ar.any  instant  during  hurning 
is  equal  to  the  constant  thrust  of  150  000  Ih.  Tonscii|ucntlv.  Ihc  acceleration  ol 
the  rocket  is  not  constant  hut  is,  in  lact.  increasing.  I  he  Velocity  the  rocket 
achieves  ay. burnout  is  pmportional  to  titis  constant  instantaneous  ’iirust  and 
so  is  proportional  to  the  specific  impulse.  II  fuel  of.'ai  higher  cllicicncy  could  he 
used.  So  that  Ihc  spec  ft  to  impulse  hccame  4i  HU  sec  instead  of  JOft,  then,  with 
everything  else  the  same,  hmtuuil  veloeiiv  \untkl  he  one  third  higher.  It  is  for 
this  reason  that  specific  impulse  is  .such,  'a  key  efficiency  index  in  discussing 
pocket  performance.  ' 

Tllereix  another  reason  whv  specific  impulse  is  a  key  index.  If  we  lix  the 
dcsii  ml  velocity  a!  Itiel  huntc.ul,  them  simply  by1  increasing  the  specific  impulse, 
we  can  decrease  I  lie;  percentage  of  gross  weight  which  .mlist  he  can  led  as  fuel 
“  and  hence,  hi Tiled,  have  ..  highci  pax  load...  I  his  relation  iv  illustrated  in  fig.  A.  I . 
At  the  pieseni  lime,  the  specific  impulse  attainable  with  chemical  lucls  is 
piohahly  no  more  Ilian  J00  sec.  ( 'oiiscqiicntly.  according  to  big.  A. I.  with 
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big.  A.  I  fuel  as  percentage  of  gross  weigh! 
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present  locket-,  more  Ilian  SO  per  eem  of  the  gross  weight  is  in  1 1 ivl .  I  lie. 
Ihcrntodvnamic  limit  on  specific  impulse  for  chemical  fuels  is  400  see.  achieved 
with  hydrogen:  ioi  impulses  in  excess  c> I  this,  other  propulsion  systems  must 
lie  considered.  A  niu'lear  system  could  give  speeiiie  impulses  in  the  range  of 
500  to  1500  see  and,  in  the  future,  ion  roeke's  'ejecting  very  low  mass  particles 
ui  vuiv  high  speed  may  achieve  2000  to  10  000  see. 

VvHr.t  ■■ri".’"r‘  *■*  a--  needed  in  the  pi1. ifi1  ilsii  n .  business  is  a  highly  ellieicnt 
nnelciar  tu-eleetricai  powcrplant.  supplying  some  fraction  of  a  megawatt  per 
pound  of  piopulsion  system.  This  possihility  is:  clearly  far  in  the  inline.  At 
present,  !(!  or  more  tons  ar.e  ng,'. led  *vi ■  t  nn-e.iwaM  nrodUecd. 

The  preceding  discussion  dealt  impiieitiv  with  single-stage  lockels.  In  mult s 
stage  rockets  the  iowei  larger  sections  arc  detached  after  their  useful  purpose, 
has  1  tee 1 1  served,  since  otherwise  inert  weighi  would  jierirtii/.e  further  aeeelc'ia. 
kiou.  I  he  cigarette  us  an  ideal  example  of  continuous  staging,,  piovided  the 
ashes  are  removed  continuously.  Practically,  continuous  staging  would  rei|iiiie 
that  the  engine  and  fuel  eotilaiitei':.  he  eons/.ime.'  concomitantly  as  Inel.  hut. 
this  is  not  vet  feasible.  As  an  c  sample  ol  the  value  n|  stages,  the  tabic  below 
indicates  how  the  i.ilio  ol  gross  weigh  I  at  hike  ol!  to  fund  payload  weight 
decreases  as  the  numher  ol  singes  increases,  lor  a  speeiiie  impulse  ol  ’i!0  sec' 
and  ;t  hiiinout  vehteilv  ecjiial  to  escape  velocity  I  rout  die  carih. 

<  miss  weight  ■  ,? 

Singes  per  pav  load  ( I  bp 


c 


600 
200 
I  hi  I 
MO 


Accpi ding- to  this  ta!>T.  ns  the  stages  exceed  lout  the  returns  become  maiginal. 
hveti  this  is  chmiei  ieal.  Viaidwaie  pin;.lli.s  result  I  tout  «.'<  j  1 1  i  ]  o  i  n -n  i  to  cornier ! 
and  to  septa  ate  stages.  Hence,  n  is  iikclv  that  tils'  curve  mtphetl  hv  tins  tabic 
is  Hid  ill  the  vieinilv,  o!  tlilo'  or  Liu:'  .stages  and  then  increases.  > 

In  their  ovui  light,  larger  vehicles  olid  cchiin  iidviUit:i!'.cs.  (  riniin  com 
ponenls.  sLiell  ;n.  eo'illro!  cpupineiil.  wdl  nut  increase  m  weight  as  (in'  velmtle 
grows  linger.  I  del  Conlninei s  :uc  incicasing  in  volume  hv  something  hke  lilt: 

i(  | j;-,,  •.v.‘ij'!s!  1  \  on!v  in 


i  (ilu:  ui  ;i  linear  \ 
iTv'lSSJMU  T*H'  Miuii.t-  iil  l*»c 


triiSiuih  WhriV«ri  in. 

L.  *4'jncr  iii/.U ion  utiilt!  !v  niiuU*  to  ilu*  clIciM  ihal 


tin:  Thesl"  mii’nhei  of  stages  is  one  moiv  lhnn  the  least  number  that  is  lojiiircd 
It  ji  may  appear  that  there  are  other  potential  ■npiovcmeiils  in  structure 
technology.  With  pre&nt  design.  Inel  wyighl  is  aim.  •  nine  limes  tin;  '.fry  weight 
of  the  vehicle  less  payload.  Suppose  tins  ratio  could  he  me  leased  to  nineteen. 
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using  stronger  hut  lighter  slruciiuCs.  powerplant,  and  fuel  tanks.  This  would  he 
equivalent  to  an  increase  in  specific  impulse  of  ofily  It)  per  cent,  front  300  to 
330  sec.  In  summary,  it  is  perfectly  clear  that  major  R  and  1J  effort  .should  he 
devoted  to  improving  efficiency  hy  obtaining  greater  spccitie  impulses. 

•  •  i\ 

A. 3'.  Various  sy.s  ikms 

W'iili  iiie  above  tnaieridi  as  a  background,  let  us  mow  consider  some  of  the 
possible  Ways  to  develop  vehicle  systems  for  setting  up,  maintaining,  and 
operating  lunar  liases.  The  first  possibility  envisages  a  vehicle  that  takes  olf  from 
the  earth,  lands  on  the  moon,  takes  oil  again  from  the  moon.  and. returns,  a 
payload  to  the  earth. 

Breaking  this  system  down  into  its  parts,  suppose  first  that  we  wished  to  get 
vine  pound  of  payload -from  the  earth  to  the  moon.  Wc  can  use  a  four-stage 
rocket  whose  last  stage  is  retrograde  or  braking  to  permit  a  soft  landing  on  the, 
moon.  We  establish  lirsl  the  velocity  potential  which  must  be  available  at  the 
earth's  surface  for  this  initial  half  of  the  mission.  The  velocity  potential  is 
expressed  as  if  it  were  the  total  burnout  velocity  which  must  be  achieved. 
Howpver,  because  of  the  retrograde  fourth  stage,  this  will  not  he  the  ease— 
hemic  the  phrase  "velocity  potential".  The  following  table  shows  roughly  the 
various  velocities  requited,  iolaled  in  yield  the  velocity  potential. 


l-'eet  per 

second 

Reason 

|  3  7  000 

(  scape  earth 

-  1  (10(1 

I'arlli  rotation  (lixcd  eastward) 

+  3  000 

(iravity  losses  .  '■ 

|  500 

Atmospheric  drag  losses 

+  8  000 

Deceleration  for  lunar  impact  : 

48  000  (velocity  potential) 
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would  achieve  falling  from  a  very  remote  distance  to  the  earth  s  suriace  under' 
the  increasing  gravitational  field  of  I  lie  earth.  In  cllcct,  |.his  fall  must  lie  reversed. 
Next,  if  we  fire  east,  then,  depending  on  the  latitude,  we  gam  something  like 
ionn  u /sec  IveauKC  1 ' I  the  eaiih's  rotation  at  1  lie  launch  site.  I  hiring  the  time 
of  horning  we  in'tist.  accelerate  the  weight  of  the  rocket  against  the  earth  s 
•mavitaiional  field,  and  we  must  also  make  allowance  during  this  burning  phase 


for  the  drag  of  the  earth’s  atmosphere.  <  >nc  of  these  last  two  velocity  require 
merits  Will  increase  at  the  expense  ol  (lie  other,  depending  on  the  angle  of 
passage  through,  the  atmosphere.  But  the  total  is  likely  to  he  about.  4000  It/ sec. 
Finally,  the  retrograde  fourth-stage  requirement  is  8000  it/ sec,  representing  fHie 
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escape  velocity  from  She  isiouu.  r-'ur  a  four-stage  ux  kef  -villi  this  velocity 
requirement,  the  gross  weight  at  take-oil'  per  pound  of  payload  delivered  soft  on 
the  moon  is  a  'out  1000  lb  if  the  specific  impulse  is  loo  sec. 

The  second  half  of  the  mission  requires  us  to  get  each  such  pound  of  payload 
back  to  the  cprth.  This  means  that  a  three-stage  rocket  made  up  of  what  was. 
left  from  the  retrograde  fourth  stage  must  leave  (he  moon  with  our  lb- of 
payload  Here  i he  velocity  potential  required  is  about  IS  000  ft/sec,  of  which 

i . .  _ _  -,j  .  n.  I  „  ;•  „  ,  ,  : .  i  f  ,  t  1  »  f .  , . . . 
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near-tarih's  escape  veloeity  to  a  satellite  velocity  which  would  allow  for  an 
atmospheric  braking  upon  return  to  the  earth.  There  will  he,  of  course,  addi¬ 
tional  i cspni rnKius  ii.i  I iv.ii  -dissipation  materia Is.  At  tire  moon  lhs'  gross  weight 
at.  lake-oil'.  per  pound  of  payload,  will  he  about  II  lh.  Therefore,  t<r  return 
one  !h  to  eanh,  I !  Ih  will  have  to  he  taken  to  the  moon.  Consequently,  it  is  the 
product  ot  gross  weight  at  eaijlt  by  gross  weight  at  moon  which  gives  the  totai 
gross  weigh!  required  lor  the  Mb  mission  This  is  II  000  Ih.  if  the  mission  is 
to  deliver  one  ton  to  the  moon  ami  then  letum  ii  to  earth  a  plausible  payload 
consisting  of  a  small  crew  and  the  ecological  equipment  needed  to  suivive  in 
Space — the  gross  weigh  I  at  lake-oil  man  the  mil  I  h  would  be  I  1  ()()()  toils.  This 
is  a  formidable  vehicle. 

l  et  us  now  suppose  that  fuel  is  available  on  the  moon,  that  fupnn  landing  we 
can,  in  died,  drive  up  to  a  tilling  station.  ! n -this  case,  lor  the  same  mission  a 
one  Ion  payload  on  a  round  I  rip --the  gross  weight  at  earth  launch  would  he 
only  2000  ton..  ( 'his  saving  illustrates  that  in  making  a  systems  analysis  of 
.  lunar  bases,  detailed  consideration  must  he  given  to  transporting  extractive  and 
processing  equipment' to  the  moon  for  fuel  production  there. 

Transit  time  to  the  muon  depends  very  critically  on  velocity  poienti.il  as 
illustrated  below. 


Burnout  Velocity  (ft/sec)  Transit  lime  (days) 

•<  ii 

■>  a  ii 

Id 

1.(1 

These  will  he  hard  landings  on  the  moon,  perhap -  appropriate  for  certain  cargo 
rockets.  I  rnni  the  point  of  view  of  manneil  spaeeerall.  the  longer  the  transit 
time  the  v.rcaler  jibe  requirement  for  ecological  equipment  and  perhaps  the 
greater  the  exposure  to  radiation  and  meteoric  hazards.  To  lower  (be  transit 
time,  however,  implies  an  incicase  in  gross  weight  lo  achieve  the  higher  burn¬ 
out  velocity.  This  is  a  iiade-otf  which  must  he. luiilt  into  the  analysis.9. 

'The  above  calculations  are  not  only  rough  lull  also  do  not  tell  the  whole 
story.  Consider,  for  example,  the  pmiiiciii  of  the  space  auillcrisf  who  wants  to 
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hit  the  visible  face  of  the  muon  will*  a  rocket  from  the  earth.  Stringent  accuracy 
requirements  are  placed  on  him.  lie  must  err  no  more  than  40  ft  see  one  wav 
Of  nip  other  in  speeu  and  no  more  than  one-fourth  degree  m  .angle  It  i s  eve! r;n t 
that  further  allowances  must  he  made  in  fuel  carried,  and  hence  in  gross  weight, 
to  permit  vernier  corrections  in  the  vicinity  of  the  moon.  It  will  lie  remembered 
that  the  Russian  Much  I  a  missed  the  moon  by  about  .1000  mi  whereas  Pioneer  IV 
missed  by  37  000  mi. 

/\s  promised,  a  more  dcmncu  loniiuiuiion  ol  the  model  tor  the  curth-to-moon 
direct  system  will  he  given.  But,  there  arc  competing  possibilities  which  clearly 
must  be  considered  as  part  of  a  total  analysis.  One  such  .system  sets  up  an 
earth  satellite  platform  from  which  v.-hiel.’s  are  launched  to  the  muon  and 
which  accepts  these  vehicles  on  return.  Figure  A. 2  illustrates  such  a  system. 
Analysis  ol  this  .system  will  he  complicated  since  a  lull  study  of  methods  of 
setting  up  and  pricing-out  space  platforms  as  a  major  system  charge  must 
be  made. 


.t  ig.  o.J  Moon  shot  1  rorn  a  i(K)0  nn  orbit 


A  third  system  ol  considerable  promise  assume.  1 1  ml  in  addition  to  a  platform 
orbiting  tin:  carl  1 1,  a  scei'iiui  puuior'm  orbiting  (be  moon  is  eiabbsbcd.  t  liemi- 
cally  Ruled  rockets  tire  used  at  both  ibr  earth  and  the  mVooii  Ioi  round  (rips  to 
the  respective  space  pijM forms.  Between  the  platforms  a  nbrlear  tug  is  rmnlnvr'l 
‘Ilia  lunar  platform  simplifies  the  rcmle/vous  ot-lrapc/c  Artist’s  pinhlcm  Id/  the 
tngt'and  lor  ;i  vehicle  coming  from  (lie  moon.  In  the  future,  this  nuclear  tug 
.plight  have  a  specific  impulse  ol  1300  see  anil  gross  no  more  than  1(1000  111. 
Of  course,  the  system  charges  in  this  case  will  he  great,  t  he  real  advantage  will 
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appear  only  upon  amortization  ol  system  cost  over  long-term  operation  of 
I  mi;1 1  Inises.  till  only  foi  this  reason,  the  calendar  time  interval  ot  base  oju-iation 
as  a  parameter  of  the  study  must  he  permitted  to  take  on  I  a  rue  enough  values 
to  demonstrate  the  possible  economic  gains  in  such  a  tug  , system. 


A.  I  O  I) 


We  can  now  Mtininari/.e  in  !  ig.  A.  1  the  factors  about  locket  technology  that 
will  enter  into  the  complete  analysis  as  variables  partly  under  design  control, 
lor  example,  we  expect  tnlure  generations  ol  roeliets  to  employ  propulsion 
systems  with  .higher  specific* impulses.  Achieving  sui  h  improvenierits  'will,  of 
course,  depend  on  the  state  ol  l he  art  which  in  tin  n  Jv  ill  depend  d  i reel  I  v  on  the 
and  1)  clVort  expended  Since  »ve  me  analv/iny  aphnamie  swiern  in  which 
various  geneialions  of  vehicles  will  he  phased  out  n:|  lavoi  o,  following  ones, 
it  will  he  an 'important  question  to  balance  out  the  economic  gains  in  delaving 
production  in  lavor  ».!  increased  arch  and  dovck'j.'r-iiirnf 


Within  etteh  gcit'eratiori  of  vehicles  there  are  otlni  design  options  important 
to  a  systenw  analysis  I  raie.it  time  and' the  number  of  men  or  amount  of  eaigo 
to  be  carried  per  vehicle  are  examples.  !  or  anv  generation  and  any  engineering 
choice  of  vehicle'  specifications,  a  cost  per  unit  will  emerge  which  will  also 
depend,  because  of  an  experience  curve,  on  the  total  number  in  the  production 
run  for  a  given  generation.  This,  hi  turn,  indicates  n  trade-off  in  the  analysis 
between  production  runs  and  [he  number  of. generations.  ' 
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A. 4.  Tin;  mRut  r  sysu.M-  rim  modi  i  j 
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Figure  A. 3  initiates  a  How  chart  formulation  of  a  .mode!  “tor  the  oarth-to- 
inoon-and-back  direct  flight  system  of  realizing  lunar/bascs.  Such  flow  charts 
are  nothing  but  systematic  means  of  presenting  in  vetbal  terms  the  various 
factors  in  an  analysis,  together  with  their  connections,  dependences,  and  some 
of  their  interactions.  The  second  part  of  the  flow  chart.  Tig.  A.  !,  shows. shine 


Tig.  A. 4  'letra 


of  flic  factors  i or  terrestrial  events  In  the  upper  left  hand  cot  tier  ol  big.  A. 4, 
we  lind  the  total  time  interval  under  cpnsideialion,  Ibis  should  he  a  pajjameler. 
(Twenty-live  years  is  chosen  ..only  as'  an  example.)  'I  he  second  fundamental 
paiarnctcf  of  the  analysis  is  the  total  budget  to  he  made  available  for  any  such 
total  time  period.  The  idea  of  total" budgets  is.  important  in  dynamic  systems 
analyses  oi  posture  planning  over  time.  We  may  well  (mil  major  gains. il  we 
have  unde:  ounycoiitiol.  (he  determination  ol.  a  budget  stream  adding  up  year 
hy-ycar  to  a  total  budget,  as  opposed  to  expenditure  under  political  constraints 
determining  how  much  can  he  spent  year -by --year.  Ol  course,  constraints  othei 
than  political  ones  restrict  the  possible  expenditures  per  year.  I  here  are  limits 
on  acceleration  in  R  and  I)  because  ohpersoniK'l  and  facilities  and  the  competing 
requirements  for  them.  Hqnally,  because  ol  production  lead  times,  there  are 
const  minis  on  annual  expenditure  for  production.  T  lie  main  puinl,  however,  is 
that  the  analysis  proposes  to  study  various  allocations  of  the  total  budget  year- 
hy-ycari  and  the  division  between  R  and  If  and  production  for  each  year. 
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Annual  production  money  'will  be  spent  not  only  on  fabrication  of  manned 
anil  cargo  rockets  at  various  rates  and  of  various  generations,  but  must  also  be 
diverted  tn  mijot  major- charges  for  support  and  operations,  communications 
and  control,  aritl  for  equipment  that  will  he.  needed  on  the  lunar  bases.  All  these 
things  must  bejkept  in  balance  ami  lienee  the  analytical  foim  of  the  model  will 
specify  the  proportionate  shares  of  production  funds  that  must  ire  diverted,  not 
only  yeai  -by-year  hut  at  |he  rii'ht  years  in  relation  to  these  other  categories  1 1 
is  worth  emphasizing  that  the  decisions  we  are  juggling  heie  are  not  the  decisions 
made  by  an  executive  at  his  desk.  They  are,"  rather,  various  allocation  possi¬ 
bilities  which  the  analyst  sets'  up  and  computes  without  prejudice. 

LJp  to  this  point  we  have  considered  the  engineering  factors  in  the  problem 
and  some  of  the  aspects  of  budget  allocation.  Figure  A. 5  shows  the  operational 
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phase  of.  the  model,  which  again  represents  vaiious  possible  decisions  .made  and 
results  "computed  by  the  analyst.  He  must,  for  example,  within  the  limitations 
of  available  vehicles,  available  base:,,  and  suitable  dines  foi  launch,  choose 
various  lift-ofT  rates  for  the  manned  and  canto  rockets.  Proper  allowance  must 
be  made  here  for  aborts -ami  attrition.  I  hose  allowances  are  not  likely  to  be 
.trivial-.  ' 

.  .  ;  .  .  n 

I  he  main  problem  in  mission  planning  is  .scheduling..  I  he  right  things  must 
arrive  tit  tiic  moon  in  the  right  oi'tler  tin d  in  tlic  right  prupnnuv  ^ Iris  is 
equivalent  to  the  problem  of  planning  aft  invasion.  Ships  me  loaded  in  reverse 
order  for  correct  unloading  .and  are  scheduled  to  hit  beaches  in  tint  right 
sequence. 

We  can  now  assume  that  the  opera j ional choices  made  in  the  mission  schedule 
have  succeeded  in  placing  men  and  o'jiigo  ou  i f ic  rnooji. ■,!  igurc  A  n  shows  some 
of  the  balance  or  trade  offs  to  be  considered  at  the  nldo'n. 
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f’irsi.  look  at- the  payload  being  delivered.  This  pavload  is  divided  into  con  ¬ 
sumable  supplies,  ecological  equipment  for  base  build-up,  fuel  stocks  for  iclurn 
missions,  mobile  equipment  used  for  exploration,  novvoi  plant  equipment.  per-1 
naps  equipment  for  fui:l  [iiouuclion,  commumcahoiis  and  lojiuo!  et,;uij>nU‘H£. 
and  equipment  appropriate  to  the  useful  output  mission  of  the  base,  l!  will  I'e 
noted  that  allowance  must  lie  made  for  mainleuanee  and  replacement. 

Cargo  rockets  will  not  return  to  the  earth.  Upon  delivery  of  their  payloads, 
the  resulting  debris  must  be  put  to  use.  In  fact,  because  of  die  great  expense  of 
delivering  a  pound  to  the-  moon,  one  measure  of  the  cliiciency  of  the  planning 
will  he  the  size  of  lunar  junk  piles.  If  there  is  a  junk  pile,  the  planning  wax  bud. 
It  follows  that  cargo  rocket  design  must  allow  tor  subsequent  use  of  such 
structui es  m  ecological  anti  otne-r  equipment  ivdes, 

Th.»  Pirn  on  the  iunur  b'juch  lit  ;iny  will  It*  '  <  |  i  » *  I  *  **  i  *ntn  Mipport  ;  *  t  >  < ! 
production  categories,  there  may  be  a  balance  sought  between  automatic  or 
unattended  equipment  arid  manned  equipment.  There,  mnv  lie  periods  when  the 
base ‘operates  completely  unattended.'.  This  possibility  minimizes  the  ecological 
requirements  for  trie  lunar  base.  The.  question  of  length  ol  lour  lor  personnel 
is  of  analytic  importance  because  of  the  requirements  that  rotation  places  on 
additional  flights  back  to  caiiii.  'inis  is  also  a  psychological  problem  because 
personnel  effectiveness  falls  oif  with,  length  of  tour. 

There  is  a  balance  between  me  degree  of  ecoiogicql  self-sufficiency  grimed  lor 
and  the  amount  of  consumable  supplies  brought  in.  it  is  possible,  for  example, 
to  farm  hydroponicailv  on  the  moon,  producing  a  diet  of  algae  and  fungi. 
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One  other  major  balance  to  be  built  into  the  mndei  is  the  relation  between 
fuel  produced  on  the  moon  and  fuel  brought  to  the  moon.  In  the  caigo  delivery 
scheduling,  extractive  and  processing  ei|iiipmeiit  for  Uicl  would  be  a  major  item. 
The  analysis  must  show  the  worth  of  such  a  pcnaiiv  under  amortization. 

Ihe  quest  ion  of  how  many  bases  there  should  lie  and  their  location  on  the 
moon  is  not  . shown  in  l  ie.  A.b.  Additional’ bases  mav  well  be  needed  not  only 

v' 

for  thp  usetul  onlpia"’ missi'im  implied  by'  lunar  oceupation  but  also  lor  explora¬ 
tion  a.ii<l  extinctive  missions.  Multiplication  ol  bases,  however,  aggravates  the 
questions  of  ecological  equipment,  power  i\|iiipnk  nt.  mobile  cqiiipiui  ui.  .md 
communication  and  control.  Hot  this  is  another  necessary  part  of  the  total 
model. 

The  total  llow  chart  for  t h is  particular  system  is  shown  in  big.  A  7  On  it  we 
can  follow  back,  to  the  earth  the  useful  output  from  opeiation  of  the  hmai  base. 
This  effort,  at  expiratwd  of  a  certain  length  of  time  and  alter  the  threshold  for 
support  and  housekeeping  is  exceeded  on  the  moon,  will  appear  as  an  output 
rate  considered  valuable  bark  at  the  earth 

This  output,  monthly  or  otherwise,  should  not  simply  be  added  up  to  give 
the- total  return  ol  the  system  in  question,  it  is  probably  wise  to  subjcit  it  to  a. 
discount  rate.  Ft  can  he  argued  that  research  results  tipm  tin;  moon  achieved  in 
the  near  future  are  more  valuable  than  delayed  lextilts.  larlv  iesulls  n  iav  not 
only  lessen  Ihe  expense  of  future  space  technology  but  may  also  bring  ember 
economic  leinriis  on  the  earth,  (his  represents,  in  elleet.  increased  value  which 
may  be  capitalized.  One  balances  the  value  ol  siich  c.iriy  returns  against  the 
increased  cost  ol  achieving  them  in  the  earlier  lime  pciiods  while  the  stale  ,ul 
ihe  art  is  still  primitive.  In  the  military  sense  the  discount  rale  may  be  viewed 
as  a  weighting  factor  to  be  attached  at  given  calendar  dates  to  lunar  bases  to 
represent  their  value.  A  military  value  may  be  that  we  considci  unilateral 
occupation  of  the  moon  by  peoples  other  than  ourselves  as  threatening;  nr,  we 
mav  simply  choose  to  alia -h  ((treat  value  to  points  :ma<le  earlier  in  the  psxcho- 
jsocinl  game.  In  any  eceni,  it  ip  evident  (hat  assignijtg  a  discount  rate  is  hugely 
nrhilrniv,  that  this  should  be  jdoivt  with  great  caution,  and  that  various  possi¬ 
bilities  for  i!  should  be  mnsiAeied.  flip  results  of  an  analysis  mav  be  thrown 
violeir.lv  one  wax  or  ihe  'Othej*  by  me  choice.  j 

.  •  ,  •  ,  ■  J  •  i  .  -i  ■.  i.  i  .  .  .  ...  .  I,-.  * 
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must  lake,  feed  into  his  i m itl.ql.  ami  compute.-  VJ 

The  commiLatioii  of  such  iuodeK  will  bn  made  most  difiicull  by  lack  ol  hard 
data  in  a  huge  number  of  categories,  ihe  thirknejss  of  lunar  ciusi  and  the 
presence  or'ub'senee  >  >!  a  lunar  ionosphere  are  only1  two  samples  Its  an  a  large 
number  of  unknowns  Nevertheless,  U  is  argued  that  nothing  is  lost  by  initialing 
a  paper  analysis.  It  is  quite  feasible  to  bracket  unknown  parameters  in  many 
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Cases.  In  fact,  in  its  own  light,  this  is  a  sensitivity  anal)  sis  that  should  he  made 
In  unv  pvont.  i 
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!l  is  also  an  advantage  to  do  the  paper  analysis  as  early  as  possible  so  as  to 
uncover  the  dominant  major  factors  in  the  problem.  This  determination  is  of 
value  in  directing  and  channelling  research  and  development,  work.  It  is 
frequently  possible  to  establish  such  dominance  even  in  the  face  of  major 
uncertainties  and  without  the  need  of  a  highly  detailed  and  extensive  com¬ 
puting  program.  This  may  well  he  the  ease  in  the  problem  under  discussion. 

The  final  formulation  of  a  model,  for  any  of  the  possible  systems  mentioned 
to  rcali/c  a  Itiiiai  base,  should  .undoubtedly  he  preceded  by  one-sided*!  or 
Robinson  Crusoe  gaming.  This  is  a  papei  .simulation  of  ihe  cmire  eseicise 
designed  to  bring  out  perhaps  unexpected  reqiiii'enu-nls  induced  by  catasliophe, 
niajoi  oi  minor,  and.;  the  like.  This,  in  fact,  would libe  an  excellent  way  to  pool 
the.  skills  of  the  various  experts  needed  to  carry  out  a  study  of  this  nature  and 
would  he  the  best  way  to  build  a  mdel  with  some  pretense  to  completeness,  as 
opposed  to  the  preceding  flow  charts.  % 

■  The  lunar  base  analysis  introduced  in  this  account  is  only  one  part  of  a  total 
space  program  and  an  analysis  of  sn'eh  programs.  A  total  program  involves  " 
preliminary  operation  of  manned  and  unmanned  piobcs,  orbiting  mnumerii  hie 
satellites,  and  perhaps  capsli  tiding  space  stations,  the  total  piogram  must  alsb 
involve  extensive  research  and  development  in  numerous  subareas.  Such  areas 
include  cislunar  data;  selcnological  data;  a‘,1  fomedici  :te  and  biotcchnica!  sys 
terns;  precise  navigation,  guidance,  and  communications;  extractive,  power,  and 
processing  equipment;  vehicle  design  (considering  salvage  and  lunar  relabrica- 
tion);  hydroponics;  a’ntl  control  equipment,  including  computers  and  robots. 
We  should  also  go  as  far  ast possible  on  earth  with  lull-scale  simulation  "in  the 
metal”  of  a  lunar  base  to  brijjig  out  some  of  its  human  and  mechanical  problems. 
Above-  ail,  research  and  development  in  the  area  of  propulsion  systems  to 
increase  specific  impulse  js  yssentialV 
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One  way  to  give  an  appreciation  ot  systems  analysis  is  to  work  ihvough  a 
sequence  of  examples  of  uiilerenl  types.  I  he  purpose  of  this  appendix  is  in. 
present  an  example  ot  a  cost-cirectivcuess  comparison  simplified  to  such  an 
extent  that  the  reader  can  duplicate  .'the  analysis. 

This  example  is  a  fictitious  one.  'However,  it  resehtbles  the  kind  of  anaKsix 
i requeid ly  ■  jnr^pared  th  influence  weapon  choice1  Such  studies  ate  not  always 
as  well  conejived  and  executed  as  the  example  of  Chapter  fhc .  systems 
analysis  hefeij  for  example,  is  deficient  in  luitneroii-:  respect:,,  ■»<  f-aoi  to 
simplify  the  presentauou  a  number  of  faclois  iliat  would  he  given  extensive 
eonsideratip,h,'i  in  any  real  analysis  are  suppressed.  hor  example!  no  analysis 
of  the  predicted  performance  of  the  missiles  is  included:  tins  at  least  would 
he  part  ol  an  actual  analyse..  Arguments  to  stippon  pei  fonn.iiice  predictions 
and  estimates  of  their  accuracy  a. re  among  the  most  inipoilani  factors  in  a 
comparison  nl  missile  systems.  Otliei  factors  ,ae  not  considered  th;u  should 
he  -damage  to  ground  installations  by  enemy  action  i-.  tm>-  of  ihrso  hul 
sueli  I'aelors  are  frequently  omilled  in  ica!  analyses... 

Two  points  might  he  re-emphasized.  Firsl,  icgaidless  of  its  deficiencies, 
some  of  which  are  always  present,  analysis  such  as  this  is  usually  much  holler 
than  no  analysis  at  all.  Second,  because  of  the  nature  of  the  subject  matter 
the  time  available,  and  the  context,  systems  analyses  are  “good'’  nnly-'in  a 
relative  sense.  I  ’m  titer  examination  can  always  lead  to  improvement. 

,'i 
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Assume  the  following  hypothetical  situation:  » 

As  a  consequence..,  of  a  design  eompetitioiijj  two  ptopqsab.  to-  “m  \  i 
generation”  strategic  missiles  nave  been  MibnjiuCjl. 

i  lie  military .  requirements  of  the  competition  specify  dial  tin  missiles 
!  '  : 

1  As  part  ot  die  original  Iodine  course,  assumin'  study  was  present- . I  ...  a 
briefing  on  die  afternoon  ot  die  liist  day.  The  students  Weic  asked  lo  eriliei/e  the 
analysis  during  woiksltop  sessions.  On  thev  final  v-lay.  their  criticisms,  plus  others 
'supplied ’by  the  facility,  were  discussed.  This  example  might  serve  the  same  pm  pose. 
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title  to  In-  capable  of  attaining-  a  certain  minimum  range  and  are  to  be 
tired,  within  twenty  minutes  after  being  put  on  alert,  from  hardened 
underground  bases.  These  bases  are  to  be  located  on  the  North 
American  continent  The  two  ■  contractors  submitting  the  designs  have, 
as  expected,  come  up  with  different  schemes  for  the  unspecified  char* 
acteristics,  such  as  propulsion  and  guidance.  This,  in  turn,  leads  them 
to  indicate  different  costs  of  production  and  dillercn!  estimates  of  accuracy 
and  reliability.  1  ■  . 

A  decision  is  to  he  made  to  develop  one  of  two  proposed  missiles,  the 
AZ its  or  the  unit  i  on".  The  problem  is  to  decide  which  proposal  to 

siinnorf 

We  further  assume  that  some  analytic  group  is  asked  to  conduct  an.. evalua¬ 
tion  to  assist  in  arriving  at  a  decision. 

Although  these  hypothetical  missiles  are  essentially  similar  vehicles,  both 
designed' do  satisfy  the  same  set  of  military  requirements,  it  is  not  immediately 
clear  bow  such  factors  as  a  greater  accuracy  for  one  should  be  weighed 
against  'a  more  reliable  propulsv  system  for  the  other.  Moreover,  a  decision 
e.annot  bo  >n.uh  | >■  <  ij >e-i  I >  on  iii.:  basis  of  technological  eon dderations  alone. 
Many  factors  concerned  w  ill.  e  ,v.ds.  opeiaiions,  and  logistics  are  involved 
sonic  of  which  can  he  quantified,  others  handled  dificicnlly  or  even  ignored. 
All  the  ingredients  must  he  searched  out.  the  inessential  ones  eliminated,  and 
the  rest  brought  together  into  a  logical  framework  in  trims  hi  which  the 
various  al.Vi'nal ives  (lot  there  may  be  oil  ers  than  the  two  being  explicitly 
considered)  e.m  'be  examined  and  a  best-  one.  chosen.  This  is  the  process  ol 
systems  analysis,. 

file  kind  of  analysis  asked  lor  can  lake  many  different  forms.  We  will 
outline  (lie  slaps  in  oik:  approach  by  presenting  it  in  the  form  oi  an  informal/.' 
report,  adding  qiie.-.tinns  and  answers  |o  bring  out  points  that  might"  olheiwistf 
be  oven  looked. ' 

l  it  us  suppose  that  the  flrojeet  leader  or  principal  invest igaloi  is  giving 
an  iiilonnal  review  op  Ins  work  to  t lie . management  of  his  orgaui/al ion  to  get 
advice  on  how  eojitmne.  H  is  p!  eseulatlou  might  b»e  tnc  folio  vv  ain . 

ci,  "  11  ! 
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(I...  1 1 . ;^i  ijroideii',  was  to  deeiile  what  evidenee  would  he  convincing  to  the 
people  who  must  make  the  decision".  It  is  immediately  clear  that  the  superiority 

-  Chanter  12,  “Viratenies  fo  nevcl.'iptrv'nt”,  make::  the  point  that  such  decisions, 
are,  when  all  the  lads  are  considered,  seldom  called  for  at  such  an  cativ  stave.. 

;i  .'I  his  mav  sound  like  salesmanship,  hut  if  the  analyst  is  going  to  attempt  to 
substitute  another  set  of  \ a.Jucs  for  lliose  held  by  the  dceisionuiakei s,  lie  has  an 
almost  impossible  task. 
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of  one  missile  over-  the  other  cannot  he  deckled  on  ibe  basis  of  performance 
alone — even  if  no  uncertainties  of  prediction  existed.  All  our  estimates  indicate 
that  the  'griffon,  even  though  it  lias  a  more  refined  and  accurate  guidance 
system,  will  he  considerably  cheaper  to  produced  On  the  other  hand,  the 
a/.i  i-o,  because  fuel  storage  is  easier  and  its  guidance  system  less  complicated 
and  more  rugged,  will  certainly  he  cheaper  to  maintain  -in  a  stale  of  operational 


To  choose  between  these  missiles  we  must  compare  them  in  a  context 
that  lakes  into  account  these  diverse  features.  To  do  this,  we  must  somehow 
model  the ■  future  environment  m  which  they  will  he.  used. 

The  decision  to  develop  ami,  hy  implication  eventually  to  procure  one  or 
the  other' of  these  two  missiles  has  already  been  made.  We  can  take  advantage 
of  this  fact  in  our  analysis  bv  comparing  the  two  systems  as  if  other  types 
of  weapon  systems  did  not  exist.  We  recognize  that  this  is  not  quite  correct, 
hut  to  consider  other  vehicles  as  alternatives  would.!  complicate  the  analysis 
immensely.  $ 

No  one  can  tell  us  tpday  precisely  what  the  mission  of  a  missile  force  will 
he  five  or  seven  Years  from  now.  when  these  missiles  can  be  operational. 
Before  we  carry  out'  tin  analysis,  however,  we  need  a  precise  statement  of 
what  the  missile  system  is  expected  to  accomplish  It  must,  ol  course,  he 
consistent  with  the  geneial  objectives  of  nur  military  posture.  First,  we  would 
like  to  make  thcn/hnuiclear  war  unlikely.  But,  if  it  comes  we  are  inteiested 
in  limiting  damagt  to  ourselves  and  our  allies  and  in. obtaining  a  lavorahle 
military  and  political  outcome.  At  the  same  time  we  would  like  our  missile 
system  to  help  us  achieve  om  foreign  'policy  objectives.  <  crlaintv.  as  one 
goal,  vVc  hope  ip  convince  the  enemy:  that  if  they  attack  us  they  will  Mill'd 
devastating  danjage  to  their  civil  soextv.  We  have  chosen  to  evaluate  our 
missiles  in  terms  of  this  latter  mission,  which  we  think  approximates  deter¬ 
rence.  That  is,  we-  assume  that  the  role  of  these-  strategic  missile  systems  is 
to  stand  alert,  in  a  hardened  posture,  making  it  apparent  to  the  enemy  .that 
if  he  launches  an  initial  surprise  attack  on  this  country,  the  system  will 
respond,  destroying  such  a  large  portion  of  his  population  and  industrial 
ceiiicis  that  ini  will  not  consider  the  attack  wot'.h  the  ■•onse<|ueitr.'s  What 
is  really  important  here  is  not  only  .that  wei  have  :j  high  dvgre'.'  ''Mtifide.-fiee 
in  the  capabilities'  of  the  system  but  that,  the  enemy  have  it  as  well:  the 
communication  of  ibis  confidence  f i i  ii C  CllCtliy  may  Well  depend  oil  1 1  lip 
choice  of  systems.  Since  these  systems  are  sn  similar,  however,  wc  have  not 
investigated  this  factor.  ■' 

I  tnlortunalely  lor  the  purposes  of  analysis,  die  cmiii  ihutinn  of  a'  ready 
missile  (joicc  to  deterienc-e  cannot  be  precisely  measured.  It  is  ilillk.ult  to 
de'bide , which  aspects  arc  important  and  how  much  they  contribute.  (  on- 
scgtienUy,  we  were"  forced  to  define  the  objective  even  more  narrowly,  hoping 
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it  would  remain  a  satisfactory  approximation.  Tilt  objective  for  each  system 
is  to  acquire  and  maintain  (he  capability  of  destroying,  with  a  liigh  degree 
of  confidence,  at  least  SO  of  the  enemy’s  100  largest  population  centers  after 
he  mu  lyes  the  first  strike.  One  point  should  be  noted.  The  target  system  used 
for  the  comparison  is  not  to  he  constnied  as  a  recommended  target  objective 
for  a  strategic  campaign  in  the  event  that  deterrence  should  fail,  nor  the 
number  of  targets  considered  or  the  percentage  of  destruction  required  to 
imply  an  estimate  of  the  magnitude  or  type  of  the  strategic  bombing  effort 
icquiicd  ftii  ail- out  war.  The  system  was  chosen  merely  as  a  representative 
hksc  (in  range  and  distribution)  upon  which  the  capabilities  of  the  two  weapon 
systems  might  he  compared.  .; 

■■  Wc  decided  that  the  system  capable)  oi"  carrying  out  this  mission  Vjith  the 
.lowest  total  expenditure  of  Department  of  Defense  funds  should  rec¬ 
ommended.  Since  neither  missile  is  very  far  advanced  in  development,  not 
much  money  has  been  spent  as  yet,  so  there  is  no  great  problem  ol  “sunk” 
funds  to  influence  our  choice. 

To  make  the  criterion  for  comparison  ol  these  competing  systems  even 
more  definite,  we  'decided  to  compare  the  minimum  system  costs  for'  each 
system  to  accomplish  the  objective  just  stated. 

The  system  cost  is  taken  to  be  the  total  dollar  investment  required  10 
develop  and  procure  the  system  and  maintain  it  in  a  state  of  operational 
readiness  for  a  four-year  period.  It  includes  the  cost  of  Such  items  as  fissile 
material,  crew  training,  practice  missiles,  base  construction,  haulcning,  etc. 
The  system  cost  is,  of  course, 'sensitive  io  such  filings  a:;  the  of  the  salvo 
or  number  of  missiles  that  can  he  fired  tit  the  same  time,  the  rate  of  fire, 
and  the  state  of  alert. 

I  inch  Of  these  missile  systems  can  he  based  underground  and  hardened  to 
an  equal  degree,  in  the  analysis  wc  have  assumed  that  the  bases  lor  both 
systems  are  dispersed  and  hardened  to  the  Same  standards  making  the 
necessary  allowance  for  differences  in  dollar  costs  to  do  this,  of  course. 
Consequently,  for  the  purpo.Se  of  comparing  the  two  missile  systems,  we  felt 
justified  in  further  assiiinirtg  that,  the  effects  of  enemy  attacks  on  oui  ground 
insUikulonx  could  he  neglected.  "■ 

Th\c| choice  of  100  as  the  number  ui  targets.  XO  as  the  number  to  be 
destroyed,  arid  font  years  as  the  cost-base  period  was  arbitrary  hut  does  not 
favor  either  system  appreciably.  Wc.  did  not  know  tins  tit  the  start,  blit  later 
computations  using  other  figures  made  this  apparent. 

The  cost  Of  maintaining  a  missile  on  a  launcher  ready  lor  firing  goes  up 
rapidly  with  the  increase  in  crews  and  equipment  required  In  atlain  either  a 
shorten  alert  period  or  a  higher  rale  of  lire  during  combat.  An  increase  in 
the  number  of  such  “ready”  launchers  tends,  on  t lie  one  hand,  to  increase 
the  system  cost  because  launching  facilities  are  expensive  in  conipiy iscm  with 
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the  missiles  themselves.  On  the  oilier  hand,  it  tends  to  ileerea.se  the  system 
cost  because  larger  salvos  can  be  fired  ant!  hence  a  smaller  percentage  of 
the  salvoed  missiles  is  lost  to  enemy  defenses  on  each  salvo.  This  phenomenon 
occurs  because  the  defenses  tend  to  become  saturated1.  .Toil  compare  these 
two  missile  systems,  we  need  to  determine  fur  each  system  the  proper  number 
ol  “ready”,llaunchers  required  to  keep  costs  at  a  minimum. 

The  operational  plan  we  have  adopted  is  essentially  the  following.  The 
missiles  are  to  he  located  at  dispersed  and  hardened  bases  on  the  North 
American  contiricrit:  one  missile  is  to  he  held  or.  each  launcher  in  ready- 
status.  In  our  cost  computations  we  have  arbitrarily  used  a  20-minutc  alert 
period  as  standard.  This  is  possible  with  either  design  although  the  cost  is 
not  equal.  After  the  order  to  lire  is  given,  as  many  missiles  as  possible  are 
to  he  li red  immediately.  The  launchers  are  then  reloaded  and  ihe  salvo  is 
repeated. 

Kncmy  defenses  against  these  missiles  are  assumed  lo  he  (1)  ip  control  and 
warning  network  capable  of  delecting  and  Packing  a  large  number  of  incoming 
missiles,  and  (2)  a  limited  number  of  antimissile  installations.  Since  the  terminal 
phase  is  the  same  foi  .hbih  missiles,  we  have  assumed  ihai  any  antimissile 
missile  that  works  against  one  will  he  eqii.il!>  effective  against  the  other.  Hut, 
because  the  effectiveness  of  an  antimissile  missile  live  years  from  now  is  any¬ 
body’s  guess,  we  have  made  Ihe  defense  strength  a  parameter.  Although  this 
parameter  is  assumed  to  he  the  same  for  both  missiles,  its  value  affects  the 
optimum  salvo  si/c,  which  is  not  the  same  lor  both  systems;  t!  erefnre,  the 
comparison  is  affected. 

To  prepare  a  mathematical  model  hv  which  a  comparison  of  the  system 
costs  of  these  two  missiles  can  he  computed,  the  steps  in  a  strategic  campaign 
involving  them  must  he  thought  through  and  •imulat«jtlri.  We  first  set  out  to 
build  a  complete  war-game  model  and.  piogiam  il  lot  the  huge  digital  com¬ 
puter,  using  Monte  Carlo  techniques  to  simulate  the  behavior  at  the  various 
attrition  harriers.  However,  we  ran  into  considerable  dilliculty  with  this 
program  and  are  not  yet  ready  to  compute.  .Since  the  time  ictnaiiiiiig  to  us 
is  short,  we  have  decided  to  go  ahead  with  a  simplified  version  of  tiie  detailed 
model’,'  which  uses  the  average  m  expected  value  at  each  stage  in  the  com- 


'  r  Saturation  occurs  when  such  a  huge  number  of  missiles  reach  die  enemy 
defenses  that  all  his  antimissile  weapons  me  engaged  and  In-nee  some  "u\sii.-s  vet 
through  without  being  tired  at. 


r>  The  purpose  in  presenting  Ihe  detail,  in  this  campaign  is  to  help  clatify  the. 
meaning  of  Ihe  term  ‘'model”,  f  ile  one  presented  litre  is  drastically  simplified  in 
the  interest  of  illusti  ation.  Note  some  of  the  unrealistic  features;  All  the  complications- 


of  defense  and  damage  tire  comprcstcd  into  a  single  parameter;  no  see, amt  as  !u.,en 


of  geography,  countermeasures,  uncertainty  of  parameter,,  statistical  fluctuation,  etc. 
li  "  '  -  1 
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putations.  We  expect  eventually  to  use  the  full-scale  operational  gaming  model 

1C*  vein  v  1I1V.0V.  vniut.3. 

The  sequence  of  events  that  a  particular  missile  used  in  a  strategic  campaign 
may  pass  through  is  extremely  uncertain.  Any  one  of  several  things  mav 
happen  to  the  missile:  H  or  its  launching  facilities  may  be  destroyed  in  the 
enemy's  first  strike;  it  may  fail  at  countdown  and  not  be  ready  for  tiring  at 
the  scheduled  time;  it  may  have  to  he  destroyed  after  takeoll:  it  may  miss 
the  target  or  hit  it  and  fait  to  explode:  or  if  may  complete  its  mission  success¬ 
fully.  Yet.  assuming  we  know  the  average  values  of  such  uncertain  parameters 
as  reliability  anil  accuracy,  while  the  late  of  a  particular  missile  ennnnf  he 
predicted,  the  traction  ol  the  eases  In  which  each  contingency  orchis  can  he 
foreeafl  with  greater  and  greater  accuraey  as  the  number  of  missiles  involved 
increases.  Moreover,  we  also  assume  that  die  fate  of  an  individual  missile  is 
essentially  independent.  Ml"  the  f,  to  of  any  other.  Since  the  number  of  missiles 
involved  in  these  campaigns  worked  out  n.>  be  of  tile  order  of  (i()()  or  more, 
use  of  the  average  or  <■>; peeled  value  in  our  computation  seems  quite  adequate. 
While  ilii^  is  perhaps  loo  great  a  simplification,  it  enables  us  to  present  early 
results  ' 


Fig.  B.l  Flow  diagram  for  missile  salvo 
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The  missile  campaign  (J  ig.  Ik  1)  stai'ls  with  a  number  ol  missiles,  denoted 
by  m.  ready  on  launchers  and  standing  by  on  20-minute  alert.  When  the  order 
iu  lire  is  u-eviyed,  final  piepui aliuiis  and  ibe  countdown  begin.  It  is  inevitable 
that  some  missiles  will  not  pass  all  eltecks  and  be  ready  to  fire  by  the  scheduled 
firing  time.  Any  missile  that  cannot  he  fired  within  15  minutes  of  the  scheduled 
firing  linur  and  is  repairable  is  held  for  the  next  salvo  (these  wc  call  "ground 
aborts").  Ground  aborts  are  held,  and  not  tired  singly  because  enemy  defenses 
are  assumed  to  he  essentially  100  per  cent  effective  against  a  single  missile. 

Some  percentage  o!  the  missiles  that  are  fired  abort  and  must  he  destroyed, 
i  tie  percentage  actually  fired  is  represented  by  R  ami  the  fraction  pi  those 
that  are  fined  and  do  not  abort  by  r.  these  two  tractions  cannot  be  represented 
by  a  single  factor  because  the  ground  aborts  can  be -repaired  and  used  on  a 
filter  salvo,  while  an  air  abort  is  a  missile  expended''1. 

We  assume  theic  exists  a  "kill  potential  ",  A.  which  is  a  mcasuie  ol  enemy 
defense .  strength  and  of  the  offensive  missile  vulnerability.  This  number 
represents  roughly  the  expected  numhci  of  missiles  that  would  be  shot  down 
by  enemy  defences  under  saturation  conditions.  The  probability  that  a  missile 
will  survive  tile  defenses  can  ihi.u  be  appi oxniuucd.  im  large  tallies  ol  til, 
bv  />  —  1  •—  4/Rtiii.  If  the.  number  of  missiles  entering  the  defense  is  less 

than  A.  all  are  assumed  shot 'down  and  n  .  0.  The  values  ol  A  are  assumed 

(/ 

to  he  the  same  for  both  missiles.  Wc  have  parameterized  lips,  using  A  -  .  50  as 
a  basic  ease.  . 

Not  all  the  surviving  missiles  do  damage  to  the  taigct,  itowevo .  Any 
function  measuring  the  probability  that  a  target,  is  destroyed  by  a  missile  that 
reaches  the  target  area  through  all  the.  attrition  haniers  must  depend  foi  its 
value  upon  the  characteristics  of  the  target,  the  yield  of  the  weapon  delivered, 
the  accuracy  ot  delivery,  and  the  “measure  of  destruction"  at  which  we  choose 
to  call  a  target,  destroyed.  We,  adopted  destruction  of  75  per  cent  of  the 
target’s-  urban  construction  as  an  adequate  standard. 

Cost  estimates  for  the  missile  also  include  the  cost  of  .  the  weapon.  We  have 
assumed,  of  course,  that  the  use  oL.the  largest  .yield  weapon  consistent  with 
th'j  p:iy loud  characteristics  of  the  fivcsik‘  leji-is  tn  the  k'wKl  sv^fi'ni  ensi. 

The  probability  of  dcsuuclion  foi  each  target  was  computcd\as  a  function 
of  delivery  accuracy  obtainable  with  the  particular  guidance  system  employed. 
I'or  each  weapon  system  a  mean  value,  k,  of  the  various  probabilities  of 
destruction  for  the -separate  targets  was  then  computed;  this,  was  used  lor 
all  targets  interchangeably.  The  value  of  k  depends  on  the  yield  of  the  warhead 
as 'well  as  the  delivery  a.ernrar  v.  In  mir  notation.  then,  the  expected  numbei 
oi  destroying  hits  per  salvo  can -he  cxpiessed  as  Rrpktn. 

0  The  percentage  that  aborts  on  the  ground  but  cannot  be  repaired  and  must 
,.be  destroyed  is  included  ir  the  computation  . with  the  air  aborts  rather  than  with 
tile  ground  abui  is. 

•{ 

;i 

.  A 


Sin.-L-  these  missile  systems  provide  no  means  of  reconnaissance  or  damage 
assessment,  to  obtain  a  liiiih  confidenee  lliai  at  least  80  of  the  100  targets  have 
been  destroyed,  it  is  necessary  to  "overkiii  ,  that  is.;  obtain  an  average  of 
more  than  one  hit  per  fe rget.  Calculations  indicate  that  when  the  expected 
number  of  destroying  hits  per  target  reaches"  two,' the' assurance  that  80  or 
more  of  the  J  00  targets  liave  been  destroyed  will  reach  approximately  OS  per 
cent.  In  our  Computations  we  repeated  salvos  until  the  expected .  number  of 
liits  per  target  reached  two.  The  number  of  repetitions  thus  gave  us  the 
required  number  of  salvos,  /V. 

Knowing  the  number  ol  salvos,  the  number  of  missiles  expended  per  salvo, 
and  the  costs  involve:!,  we  are  able  to  express  the  over-all  system  cost  for  the 
campaign  as  1 

r  •  C  f  I.'ti  I\C  wA/ri  t  i ;  ( /■-  ly'lli, 

\i  lieie  ‘  , 

■| 

('/  I  he  cost,  exclusive  ol  the  missile 
liseif,  of  mainlaining  a  missile 
i early  tin  a  launcher. 
in  the  number  ol  missiles  maintained 

ready,  on  a  launcher:  1 

i\  the  ground  leliabiHy  I’aelor; 

(  th<'  \y.-< e.f  per  missile, 

vV  !hc  JillpibiT  nl  salvos. 


The  first  lerui.  -  Cijh  represents  the  cost  of  keeuinu  m  missiles  ready:  the 
second  leun,  UC.uNnu  lepresents  the  eosi  ol  the  missiles  actually  tired  in  N 
salvos;  and  the  last  ienn..  ("  u  (I  /dm,  lepiescuts  the  cost  of  the  missiles 
that  ground  abort  on  the  last  salvo  and  are  got  fired.  I  hose  cost  coclficicnts 
inchulc  the  pro  rata  share,  of  the  costs  associated  with  each  weapon  system 
for  such  items  as  development,  procurement,  investment  ii'i  real  estate,  and 
maint'Mvince  over  the  four-year  period.  They  also  depend  critically  on  the 
desired  rate  ot  fire  and  concept  ol  operation. 

I  lie  values  used  in  our  computations  are  shown  in  ladle  t,|. 

Ihe  mathematical  and  logical  manioutatiohs  carried  om  in  this  weapon 


s  y  si  cm  stud 
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to  the  lea!  woilif.  In  attempting  to  understand  the  basic  lorce,  at  work  through 
the  device  0)1  a  model  rather  than  through  .actual  warfare,  the  quantities 
chosen  le-  -  liej/rcsci  ii  the  real  world  must  cover  a  whole  range  centered  oil 
die  ‘‘best  'estimates*’,  ,lb;<t  the  sensitivity  n|  the  over  -all  result  can  he 
expressed  i  dative  to  the  individual  parameters 

Uncoi  taiuiies  in  the  best  estimates  for  lliese  parameters  may  arise  from 
(I)  random  variations;  (?)  measurement  errors;  (?)  rough  approximations  of 
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complex  i c -if i ires ;  i  t)  inability  to  aiir’jy/.e  somi'  factors,  such  us  human 
performance  during  thermonuclear  war;  (5)  the  actions  of  the  enemyi 

Since  these  uncertainties  can  he  large,  small  differences  between  numerical 
results  should  not  ordinarily  be  considered  significant  unless  thev  can  be 
supported  by  arguments  indicating  that  these  diffeienees  are  in  the  right 
direction. 

Taiu.e  B.l 

C  omparisori  of  parameter  values  and  costs  of  the  two  missile  systems 


Missile  system 


Item 

rnuFhON 

AZITP 

I'arametcr  v 

allies 

(hound  reliability  If 

5ov;. 

8  5  to 

Inflight  reliability,  /  . 

8,0% 

8()Vo 

F.nenjy  Still  potential,  A  1 

30  missiles 

30  missile 

Mean  probability  target  destroyed 

by  a  delivered  missile,  k 

8.5% 

66%. 

Cos!  values  (millions  of  dollars) 

Cost  per  missile.  cv 

10.0 

77.0 

Cost  pei  lauiH'bei  ",  Cj, 

/  .  2  hr  b 

75.0 

51.0 

i  A  l;r 

sr,  /, 

38.7 

t  —  6  hr 

s?  s 

:  35,1 

/=  8  hr 

50.2 

33.8  • 

If  =10  hr 

48,6 

33.1 

a  Cost  of  maintaining  a  missile  ready  on.  a  launcher  to  lire  within  2()  minutes 
after  order.  -■  '  .. 

b  /  is  the  time  required1  to  repeat  a  salvo. 

If  *t 

l  et  us  compare  the  system  cu'tl  of  these  two  missiles  in  ‘terms  ol  firing 
interval  and  total  length  of  time  required  to  carry  out  the  required  target 
destruction. 

I  he  first  comparison,  Fig.  If. 2,  shoi.Ws  system  icost  plotted  as  a  junction  of 
trie  tiring  interval,  t,  the  number  of  hours  rcquiicd  to  reload  and  lire  a  second 
salvo’1.  Since  considerably  lower  personnel  and  less- equipment  are  required 

—  v 

1  Nvte  for  the  nnn -mathematically  inclined  reader.  To  compute  the  curves  i>f 
Fig.  U.2,  it  is  necessary  to  determine  the  minimum  value  of  the  system  cost,  <”, 
for  each  missile  at  the  values  of  t  listed  in  Table  B.l.  To  -to  this  he  snrrfssive 


1/ 


.  <V| 


Ari’INDIX  H 


[ft 


Minimum  1  u lit.*  ict|uir</il  IjcIvvclu  salvos  (hr) 


Fig.  B.2  System  cost  us  a  fiinctum  of  firing  interval 


approximation,  wc  try  out  a  series  of  values  of  m  in  the  ..equations 
C-  C.,.m  -h.  RCuKin  !•  C'.„  (1  ••  K)m,  ■ 

N Ripktit  -  200, 

where  the  values  of  the  constants  Ci,,  li,  C. j,  r,  A.  anti  A  arc  listed  in  lahle  B.t  an  I 
P  !  -  AjRrm. 

„  As  a  sample  computation,  consider  the  case  of  the  a/.k-c  with  /  u.  We  have 

('  —  .15. 1  ni  -i  IH. 7  Nm  \  1.1 /»,  '  1 


f  ,  10  5 

100  0.45  Nm  M  ,,  ... 

;■  \  0  .Will/ 

'■ 

Then  for  ni  200,  we  have  200  no  A/  (]  0.22)  or  N  2. <15  ,ynJ„Ctfoi  m 

7020  -F  10.6SJ  I  hf>0  -  $'  18,300  million  or  $18.4  billion.  Similarly,  lot  m 
$  17.5  billion  and  for  «/  100,  C  •  $  ! 8.7  billion:  A  glance  at  the  curve  shov 

minimum  occurs  somewhere  near  in  150. 


200) 
150,  C 
that  the 


To  the  reader  with  a  knowledge  of  differentia!  calculus,  it  is  dear  that  thtv  value 
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as  this  interval  is  increased,  f,,  a  a*.;  the  system  costs  go  clown.  This 

comparison  indicates  some,  hut  very  little  advantage  for  the  tJ-WA.  f-imvevei, 
comparison  in  terms  oi  the  iiiiug  inlet val  is  not  very  sigttifiepTt.  Vve  are  not 
interested  in  the  tiring  interval  except  inVoiar  as  it  aU'ecN  duration  of 
the  campaign  and  thus  our  ability  in  fight  and  win  the-  war. 

Figure  B.3,  which  shows  system  cosi  plotted  as  a  function  of  the  total 
time  required  to  carry  out  the  destruction  of  the  80  targets  with  the  required 
confidence,  indicates  a  somewhat  greater  superiority  for  the  AZTEC.  For 


Car, .suin'!  d ui.iiion  (uim-  m  hour.  it.".|iiircil  l"  ass. in-  ‘O  per  . cut  mnlnlouf 
that  HO  f sf  ilic  100  large  st  i  nvniy  c*il if*,  have  bet.'M 

1-ijr.  B.y  System  cost  as  a  function  of  campaign  duration 


of  H'i  leading  to  llie  minimum  value  of  (  can  bn  found  by  differentiation.  this  is 
not  accidental.  The  equations  were  deliberately  chosen  so  as  to  make  tins  possible 
something  unlikely  to  happen  in  any  real  analysis. 

Te.  obtain  the  curves  of  Fig.  it.  t,  the  campaign  duration  is  computed  by  multiplying 
the  firing  interval  by  ihe  number  of  salvos.  ■  , 
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example,  at  an  expenditure  'of  IS  20  billion  the  .f.urvcs'  indicate  that  the  azthc 
could  do  the  job  in.  half  the  time. 

The  degree  to  which  a  conclusion  is  sensitive  t<>  variations  in  the  estimates 
or  assumptions  is  important.  Certainly  a  recommendation  that  the  aztf.c 
should  be  preferred  cannot  be  made  if  a  combination  of  parameters  equally 
or  nearly  as  probable  as  the  one  assumed  does  not  suppoil  dial 
recommendation. 

To  test  for  sensitivity  t%‘  costs  wens  also  computed  using  the  same  model  but 
making  reasonable  variations  in  the  basic  inputs,  such  us  number  and  hardness 
of  the  targets,  .standard  of  destruction,  strength  of  the  enemy  defenses,  etc.  No 
reversal  of  prrfercnc’s  w:is  found,  except  under  the  most  extreme  combinations 
of  parameters.  I  hough  i!  would'  not  be  safe  to  assume  that  two  or  three  para¬ 
meters  would  not  simultaneously  assume  such  extreme  values,  the  causes  that 
affect  one  have  little  to  do  with  the  other*'  It  is  fheretorojquue  unreasonable 
to' assign  a  probability 'at  all  high  to  the  noljsibiiUy  of  a  revers'd  in  the  ueneral 
conclusion.  The  results  of  these  investigations  therefore  .served  to  strengthen 
our  opinion  that  the  .;/.rrx.  is  egrtamlxi' the  better  ‘net. 

The  project  leader  now  calls  for  questions. 

Question:  What  do  you  mean,  by.  the  .‘'tjwnimum”  system  cost  at.  siv.  a  firing 
interval  of  4  Injurs?  Why  no)  iujst.the  system  cost? 

.Unsmv:  The  system  cost  depends'  on  the  salvo -sire  as  well  as  the  firing 
interval.  Tor  example,  if  the  number  of  ready  latmclieis,  ir,  were'  1 00.  we 
would  have,  for  the  A/TV.r,  the  Expected  number  of  destroying  hits  per  salvo; 

Then  the  required  .number  of  salvos"  would  be  200/25  8.  The  system  ciwt 

for  t  -  4  would  be1-.  ,, 

’.S.TflOO)  !  22  (0,85)  (8)  (100)  a  '22  (0. 15)  1 100) 

"  '  '  v  •  ce  3871)  f  14  960  -b  330 

or  £-19.2  billion.  However,  if  rn  —  135. 

Rnnpk  -  0:85  (0.8,  (I  35>  ^ ]  (0.66)  40.8 

and  N,  the  number  of  salvos,  would  be  4.9.  The  * •  ■  '-v t .  c.’,  would  become 
38  7  (135)  -h22"(0.85>  (i. V)  (0.35)  •  >2(0.15)  {I35f 
-  5224  d-  12  3 90  T  445 
r.r  $  1 8.0  billion. ",  ... 

T  his  is  about  the  best  we  can  do  for  t  -  4.  However,  the  salvo  size  close  to 
the  value  that  yields  the  minimum  is  not  very  critical.  Figure  0.4  shows  that,  for 
this  particular  case,  d?e  cost  is” close  to  the  minimum -from  m  —  120  Through 
vi  ~  U>0.  ;1":. 


"■  Number  of  missiles  in  salvo 

■Pip.  B.4  Cost  versus  salvo  size  (a/,  rue,  /  =  4)  \ 

Question:  Are  there  large  diiferences  in, the  number  of  missiles  required  by 
the  two  systems? 

Answer:  No.  The  <;kii  ion  requires  both  more  missiles  and  launchers  than  the 
attec  for  a  campaign  of  the  same?' duration,  but  the  difference  is  hardly  signifi¬ 
cant.  Figure  H.5  shows  the  estimated  number,  -  • 

Question:  i  don't  understand 'the  ground  aboi  l  factor,  booking' at  the  cost 
equation,  it  appears  to  me  that  lowering  the  value  of  ft  won  id'  reduce  -me  cost, 
not  raise  it.'"  ,  ;  ;; 

Answer:  1  his  is  not  the  case,  ’ll  R  is- smaller,  fewer  missiles  gel  off  and  the 
expected  number  of  targets  destroyed  per  salvo  goes  down  l  et  us  repeat /,h<; 
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h.k  li.5  Number  of  missiles  and  luu'tJthci  s  rc'piiic'.l  at  niiniiiiiini  system  cost 

i  f missiles  —  •  launchers  ).  ... 

*  •  •  \ 

ca!>  plation  wc-jusl  went  through,"  assuming:  R  --  0.7  insleail  of  the  value 
!■'.  •  /  <J.'85.  which  is  our  best  estimate.  This  gives  us.  for  m  _  135; 

j  / i ill i j ’ A  . —  0.8  (0.  / )  f0.-».0  —  >  v )  iv.'hi)  . ~  .)u.  I.. 

he.  jbe  N  —  6.67  Again  using  t  —  4,  we  gel. 

.  r  •  c  —  135  (3S.5)  4-  22  (0.7)  ((>.67)  +  22  (0.3)  —  $  19.9  .billion. 

"I  1  .  ' 

'  pu-jtinn;  Such  a  value  for  ]<  would  reverse  the  curves,  would  it  not? 

:  t tisn'ri:  No!  .jiiite.  I  or  this  value,  the  uiinimuin  system  cost  occurs  at 
,t  V  154.  Here  the  Cost  is  $19.7  billion  and  the  time  requirement  to  complete 
it  |  Campaign  is  hours.  This  point  still  would  be  below  that  on  the  <;tui  i  on 
el  |ve.  ' 

. .  )QuestU>n:  Mighl  it  not  he  more  .sensible  to  plan"',  to  achieve  »ln.-  ‘vquired 
d. (Struclio'n  With  a- Single  salvo? 

i\  •  " 
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A n.swp:  it  might  indeed,  hut  it  would  cost  more.  Ac-oo'rduv.'  ;o  nisi  estimates, 
using  the  A /.  rtf  it  would  take  490  missiles  to  get  the  required  200  hits.  Ou  the 
average,  it  is  expected  that  74  remain  on  the  ground,  85  are  destroyed  after 
take-off,  30  are  -lost  to  enemy  action,  103  miss,  and  200  hit.  When  there  is  no 
requirement  to  provide  a  rapid  second-salvo  capability,  the  cost  of -maintaining 
a  ready  azthc  missile  drops  to  about  $  29  million.  The  over-all-  system  cost  with 
ill  ~  -  4-vO  goes  up  to  f  24  billion,  bur  the  similar  case  with  the  otiU-rON,  tile  cost 
of  maintaining  a  ready  missile  becomes  $  39.3  million  and  the  corresponding 
system  cost  to* carry  out  the  required  destruction  with  a  single  salvo  would  lie 
about  IS  3  7  billion.  I  he  number  of  missiles  required  would  he  665. 

(Question:  flid  you  consider  something  like  ;i  salvo  ami  a  half’  Sav,  instead 
of  maintaining  663  oiui-FONs  in  a  ready  state,  wliv  not  just  enough  so  that  the 
initial  salvo  plus  a  second  salvo  marie  up  ol  ground  aborts  would  do  the  job? 
Since  you  expect  about  50  per  cent  to  ground  abort,  these  missiles  could  he 
used  to  pick  up  the  targets  the  fust  salvo  failed  to  get. 

Answer:  Yes,  this  works  out  fairly  easily.  Used  in  ibis  wav,  500  would  do  the 
job.  With  500  ready,  on.  the  average.  250  would  tile  .mil  700  penetrate  to  the 
defenses.  Of  these,  170  would  leach  the  target  area  and  we  wo, 'aid  expect 
145  hip.  For  a  second  salvo,  we  would  then  use  the  25(1  which  stayed  on  the 
ground. 'Of  these,  125  would  he  expected  U>  lire.  100  lo  penetrate,  and  70  to 
reach  the  target.  We  would  thus  expect  59  hits  or  a  total  >,.f  3.04.  The  c  ost  would 
then  be  500  (39,3  |-  16)  or  about  !j>  27.7  billion. 

Question:  What  action  do  you  think  we  should  reeommeml  on  the  basis  ol 
this  work? 

Answer:  Certainly,  if  development  turns  out  as  \ve  have  estimated  il  will,  the 
A/.ii,(  should  be  the  .(preferred  weapon.  !  he  point  is,  il  is  too  .-arlv  in  the 
development  to  be  sure.  We  shoukl  make  Ibis  point  and  not  only  say  iha!  we 
prefer  the  \'/:\  it  hut  also  that  both  proposals  should  he  continued  until  we  arc 
certain  this  new  propulsion  system  willjwork. 

Question:  How  conlulent  are  you  of  tlig.se  results'’ 

Answer:  C,  onsidering  rnc  uncertainties  in  .some  ol  the  esfimales,  fairly  'e.'tn- 
talent.  The  one  really?  critical  factor  is  the  reliability;:  ol  the  a/ik.  propulsion 
.system,  if  the  fraction  of  ground  aborts  were  m  go  up  io,afuunU  39  per  cent 
instead  of  the  15  per  cent  which  we  estimate  to  Be  pi  ol  utile.  Then  the  i.rii  ion 
would"  show  (about  the  same  cost.  The  A/.ri.c  scheme  is  fnndameulally  mole 
..fejfable.  There  shoulil  he  tower  air  aborts  as  well,  although  we  assumed  20  per 
bent  lor  both  (in  an  a  fortiori  argument).  Moreover,  il  cci'ain  improvemiaP  in 
bomb  technology  cai'l.e  into dicing  m  this  lime  period,  iin”v  should  lie  about 
a  40  pej  cent  tncreaStr-in -the  ell’ective  damage  -radius  which  fan  he  obtaiood 
wpfn  fue  •,y;';;;jieadr . 'Tfji:;  vvciulij  raise  k  from  0,'U5  to  U-98  for  fnc  okiffon 
and  from  4;. 6*6  to  G.C&  for  the  A/cme.  In  turn,  this  rv-duocs  the  cost  a  nl  lilt*. 
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campaign  dural.' on  by  about.  7  .,pcr  cent  for  the  grii  i  on.  but  liy  more'  than 
twice  that  for  xIjc  AZrrx:  an  a  fortiori  argument). 

Our  confidence  is  nut  based  on  these  nmneiica!  comparisons  alone.  Wi?  are 
well  aware  that  by  changing  the  model  as  well  as  by  errors  in  the  estimates 
these  curves  might  even  be  Vie,1 versed.  The  point  is  that  working  with  these 
missiles  in  this  way  has  langf  i.iis  a  great,  deal  at  out  llicm.  WeVare  convinced 
tl  st.  as  improvement?  are  ..;adt,.fhe"A'ZT:t:c  will  improve  relative  to  the  gkhton. 


H.4.  Ei'ii.ogov. 

Since  the  example  we  have  presented  is,  after  all.  a  hypothetical  study  about 
fictitious  missiles,  it  hardly  seems  sensible  to  argue-Woo  seriously  about  the 
validity  of  the  results.  Our  example  suffers  somewhat  from  its  fictitious  nature.' 
but  we  hope  it  illustrates  both  the  failings  and  the  virtues  of  the  systems 
approach.  .  .  •  • 

What  are  some  of  these  failings?  Because  a  systems  analysis  ordinarily  (.leaks 
with  the  future,  as. .simulated  in  our  hypothetical  example,  the  assumptions  nrs 
open  lb  challenge.  '!  he  choice  of  a  strategy  or  course  ol  action,  may  hav,-  in  he 
made  (as  in  the  example)  on  the  basis  of  Jiiiercnces  that  seem  insignificant  in 
the  face  of  uncertainties  that  exist  in'  the  estimation  or'  parameters  and  the 
description,  ol  environment,  ; 

One  oiin  always  point  out  possible  ways  to  improve  Hie  analysis  o.(  the. 
problem.  But  though  it  is  alwayS'easc  to  do  a  "better"  analysis,  it  is  hard  to  do 
a  good  one.  • 

The  objective  of  an  analysis  of  this  type  is  to  help  someone  decide  policy  or 
take  action;  it  is  not  .merely, to  educate  the.  analyst.  It  should  lake  little  analysis 
to  establish  the  desirability  of  developing  a  missile  with  promising  tdiabiiiiy 
eh  arae' eristics,  it  ior  no  ol  her  reason  than  i!  use  as  a  hedge  against  the  urn 
ce'iam  future.  A  good  ease  can, be  made  for  allocating  funds  purely  to  push 
sidevelopment  to  the  (day*;  at’vhieh  it  iisf  possible  to  predict  what  the  missile’s 
pr.prrb'es  will  rcallv  be — in  other'  words,  to  buy  information.  The  purpose  of 
■  ptWTg  money  into  the  a>:ti:c  .program  is  not  to  get  a  gi  cater  operational 
■■ennafiibo'' *oi  the  strategic  force  at  an  early  elate;  if  it  wen-,  e.ie.ii  all  the 
complin  a  firms  pi  the  broad  amiTvsis  involved;1  in  problems  of  fouv  composition 
•would  enter.  But  the  analysis,  as  formulated  iu  the  examine,  went  little  beyond 
cm  imp.  it  -ng  the;  leinfivc  militarv  worth,  of  particu!  ar  development  end  products,'; 
ubdi'f  the  assumption  that  their  properties  would  be  essentially  ax  predicted  at 
a  stage  when  !h\v  uncertainties  involved  were  very  great.  I  he  comparisons 
Cvhifdlod  arc  a  typical  end  product  of  past  systems  analyses.,  they  tell,  given 
certain  aysumptinns.  how  much  must.be  spent  to- do  a  given  job  prffyided  things 
'.work  out  as  expected.  But,  to  govern  policy,  some  infoimation  about  risks  is- 
nt'Cqed  also. 
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H  is  ilitHciilt  to  attribute  positive  ’'-results  u>  v,  !n puihaK.iT  xtudv,  hut  since 
numerous  past  studies  have  been  '.ike  this  one  in  form.  w.e  can  t  alk  rdnvu;  (iv; 
virtues  of  such  real  studies  instead.  These  have  not  on!v  thrown  light  o::  the 
questions  they  were  designed  .to  answer  .mu  have  nlso  proclui  cd  a*  good  many 
valuable  hy-proiluets.  Some  of  these  are  listed  below. 


1.  As  a  result  ot  the  organized  systematic  approach  necessary  to  lormuiaic 
an  analytic  study,  facts  previously  unknown  or  neglected  may  become  ubviotr ' 
f or  example,  the  aiictnpi  lo  formulate  the  computational  model  in  one  early 
missile  investigation  showed  that.no  operational  plan  had  even  been  considered. 
In  the  attempt  to  mode!  one,  it  became  appaient  that  the  logistic  ptobloms  were 
so  iorniKlahie  that  another  aiiemaiivc  could  lie  chosen  on  ibis  oasis  alone.  Tims, 
the  analytic  approach,  even  before  the.  computation  Stage,  points  up  the  necessity 
iot  dearly  formulating  objectives  and  focuses  attention  on  those  paiquueiers 
upon  which  the  optimization  depends. . 


Military  models  even  less  sophisticated  than  . our  example  emphasize 
things  many  people  have  found  hard  to  believe,  l  or  instance,  x-Ch  models  have 
won  acceptance  lor  the  tact  (always  evident- in  principle)  that  measures  to  make 
missiles  U-as  vulnerable  might  pay  oil'  even  at  the  sacrifice  ci'  numbers,  accuracy, 
and  payload.  Moreover,  nnly  a  few  years  ago,  the  ballistic  missile  was  thought 
to  he  invulnerable  on  the  ground.  Sv-stem:.  analysis  has  done  a  great  deal  to 
change  this  belief. 

v  The  policy  ol  looking  a!  many  factors  .simultaneously  has  led  to  die 
cxposuie  ul  overly  stringer;!,  and  .sometime!;  um culislic,  design  lequiieiuenls 
for  example,  accuracy  requii  cineuts  tor  bomb  lusts.  .Systems  analysis  'helps  to 
make  clear  which  lac  Ion;  arc  impoitant  and  which  are  not,  liequentiy  •  ie- 
orignti-fig- development  effort. 


■/  '  4-  A  systems  analysis  provides  an  excellent  environment  for  thinking  up 
.substantially  more  effective  ways  to  use  ,-.my  Weapon  system  being  investigated. 
.Attempts  I'd  “beat  the  model’',  that  is,  to  find  ways  to  improve  the  relative, 
standing  of  particular' "alternatives,  hsve  resulted  in  inferential  or  intuitive  leaps. 
Ideas  for  new -hardware  or  for  new  ways  to  opm  Ui:  the  old  have  appealed  in 
this  way.  Tor  example,  an  early  study  oThomheis  made  a  great  contribution 
by  stressing  the  importance  of  air-rctueliny.  What  now  seems  .obvious  was  fust 
made  obvious  by  it',  presentation  in  a  systems  context. 
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